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Abstract 
Humans and other organisms that reside in areas of limited water resources are especially 
vulnerable to activities that decrease the quality of available water.  In these areas, headwater 
streams are especially important due to their influence on the water chemistry.  Due to the 
hydrological connection, contamination of headwaters can potentially affect aquatic life and human 
health in waterbodies downstream.  Glacial melt is one source for headwater streams, and glacial 
activities influence water chemistry in glacial melt water through interactions with local geology. 
Analysis of glacial melt and downstream water bodies can indicate potential anthropogenic and 
natural sources of contamination.  Water chemistry in the Cordillera Blanca, Peru, where glaciers 
provide a crucial freshwater reservoir to the arid Andes Mountains, was characterized during the dry 
season (June-August), 2014. Metal concentrations, anion concentrations, and physical and chemical 
parameters were assessed at 94 sample sites in seven river valleys. Nonparametric multivariate 
exploratory statistics were used to compare sample sites. 
Compared to other river valleys, high metal concentrations were evident in the Quilcayhuanca 
valley.  Water chemistry and visual signs indicated that acid rock drainage (ARD) is occurring in the 
Cordillera Blanca, likely due to glacial recession.  Hierarchical clustering analysis was performed on 
the results of a principal components analysis on the chemical data.  The results of these two 
analyses showed cobalt, manganese, and nickel were the top metals that distinguished the different 
clusters.   
In addition to the exploratory analysis, the Biotic Ligand Model (BLM) was used to predict toxicity to 
aquatic life based on the chemical measurements at the sampling sites.  This was conducted for Cu, 
Ni, Pb and Zn for a large number of organisms and multiple toxicological endpoints. Approximately 
20% of the sites had predicted toxic responses to metals and another 20% of the sites were outside 
of the calibrated pH range of the BLMs or the pH tolerance range of individual species. These sites 
outside of the pH ranges were assumed to cause toxicity to the aquatic organisms due to hydrogen 
ions rather than metals, although metals may contribute to the toxicity. From this, the altered water 
quality in headwater streams in the Cordillera Blanca is predicted to be detrimental to aquatic life. 
The reduction in water quality, combined with climate change that may reduce the glacial reservoirs 
feeding these headwaters, makes the understanding of these headwater streams critical in efforts 
to mitigate the loss of crucial water resources.  
Keywords: Peru, aquatic toxicology, metals, Biotic Ligand Model, multivariate analysis 
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Introduction 
The Cordillera Blanca (White Mountain Range) in Peru has the highest density of glaciers in the 
tropics and is a significant freshwater reservoir to the 270,000 people of the arid Rio Santa 
watershed (Mark et al., 2010).  These people rely heavily on the glacial melt during the dry season 
for potable water, irrigation for crops, and recreation (Bury et al., 2010; Mark et al., 2010). Many 
studies show regional warming and glacial recession throughout the Cordillera Blanca during the 
latter half of the 20th century and into the 21st (Byers, 2000; Vuille and Bradley, 2000; Georges, 2004; 
Mark and Seltzer, 2005; Bradley et al., 2009; Bury et al., 2010; Schauwecker et al., 2014).  As these 
glaciers recede the potential for diminished stream discharge and variable water availability 
increases.  This variability is a threat to the freshwater sources and those who rely on it, especially 
during the dry season (Mark and Seltzer 2003; Bury et al., 2010; Mark et al., 2010).  Much of the 
local population has recognized the loss of glaciers and potential issues that may arise from both 
unpredictable water availability, specifically in meeting water demands of increasing populations 
and hydropower operations (Bury et al., 2010; Mark et al., 2010).  While these crucial glacial 
reservoirs of water are being reduced, the overall water quality of the glacial streams as a direct 
result of receding glaciers is threatened (Fortner et al. 2011).  
Sulfide weathering of local rock formations exposed by glacial recession has been studied 
extensively in Quilcayhuanca valley, located on the western side of the Cordillera Blanca (Burns et 
al., 2011; Fortner et al., 2011).  The recession of glaciers exposes new outcrops of the sulfide mineral 
bearing Chicama Formation in the Quilcayhuanca valley to water and oxygen. Water and oxygen 
cause the oxidation of the sulfide minerals to yield sulfate and hydrogen ions making the water 
acidic (Burns et al., 2011; Fortner et al., 2011).  This formation occurs on the eastern and upper 
reaches of the Cordillera Blanca (Wilson et al. 1995; McNulty et al., 1998).  Runoff from areas where 
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weathering of sulfide minerals is occurring is referred to as acid rock drainage (ARD). Acid mine 
drainage (AMD) is a subset of ARD used to specifically represent the ARD resulting from mining 
operations.  There are many valleys other than Quilcayhuanca in the Cordillera Blanca that contain 
exposed Chicama in their watersheds but their water chemistry has not been extensively studied in 
regards to ARD (Wilson et al. 1995).  These valleys have the potential to be affected by ARD much 
like the Quilcayhuanca valley, which has water quality comparable to AMD conditions of large 
historic mines (Pellicori, 2004; Pellicori et al., 2005; Fortner et al., 2011; Sando et al., 2015).  Glacial 
recession over the Chicama Formation puts other valleys at risk for a decrease in both the quantity 
and quality of the water, thereby potentially compromising both human and environmental health. 
The toxicity to various aquatic organisms from the elevated metal concentrations in ARD 
affected systems can be predicted through the use of the Biotic Ligand Model (BLM).  The BLM is a 
model that is produced and validated through laboratory-controlled toxicity experiments for a 
specific metal, aquatic organism, and toxicological endpoint (e.g. the concentration of dissolved 
copper that causes 50% mortality in Daphnia magna).  These models are then applied to various 
environmental water chemistry conditions to predict the bioavailability of metals and potential 
metal toxicity for specific aquatic organisms.  In this study, the BLM is paired with the chemical 
equilibria software Visual MINTEQ version 3.1 (Gustafsson, 2014) so metal speciation could be 
determined for each sample site and then applied to the BLM.  The BLM has been used by the US 
government and private industry to assess the aquatic toxicity of natural waters (Paquin et al., 2002; 
USEPA, 2007). 
 In my study, I applied a series of non-parametric and multivariate statistics to analyze a large 
multi-parameter dataset with the goal of investigating patterns in water quality data and attempting 
to connect these patterns to different geographical features in the Cordillera Blanca in an 
exploratory manner. Specifically, I conducted two principal components analysis (PCA) with water 
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quality data from all of my sites and with a subset of my sites.  I applied hierarchical clustering 
analysis (HCA) to the results of the PCAs to create clusters and to help identify factors that influence 
the creation of the clusters. Available geographical features were used as labels to help understand 
the clusters. My non-parametric statistics were used to identify and interpret significant differences 
between my clusters. In addition to the exploratory analysis, the BLM was applied to the same water 
quality dataset with the goal to assess the general state of the different watersheds based on 
predicted aquatic toxicity.  
Materials and Methods 
Site Description 
During the summer of 2014, I joined a group of mountain scientists known as the American 
Climber Science Program (ACSP) on the 2014 ACSP Cordillera Blanca Expedition.  On this expedition I 
collected data and samples focusing on water chemistry from a series of high elevation valleys in the 
Cordillera Blanca section of the Andes Mountains in Peru.  All of these valleys are on the arid, 
western side of the Cordillera Blanca.  A total of 94 sampling sites were investigated for this study 
from late June to the end of August across the following seven valleys: Cojup, Ishinca, Llaca, 
Llanganuco, Paron, Quilcayhuanca and Ulta (Figures 1 and 2).  My sample sites were between 
elevations of 3,000 m to 5,000 m above sea level across several geological formations. The 
geological formations in this area mainly consisted of igneous rock from the Miocene aged Cordillera 
Blanca Batholith and the Jurassic aged Chicama Formation (Petford and Atherton, 1996). 
Water sampling  
At each sampling site I collected surface water grab samples for metals (total and dissolved) 
and anions.  These surface water samples were collected with a 25 ml polypropylene Luer-lock 
syringe.  Each total metals sample was dispensed directly into a 15 ml polypropylene centrifuge 
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tube.  Dissolved metals and anion samples were filtered through a 0.45 µm polytetrafluoroethylene 
filter into a 15 ml polypropylene centrifuge tube and 3 ml plastic micro-centrifuge vial respectively.  I 
stored these samples in a refrigerator until transport back to Western Washington University, 
Bellingham WA. 
Field measurements  
At each of the sampling sites I collected field measurements of pH, dissolved oxygen, 
temperature, atmospheric pressure, and chloride concentration.  For sites in the Quillcayhuanca 
valley I used an Oakton Double-Junction pH probe, a Hach Surface Water Test Kit to measure 
dissolved oxygen, and a mercury thermometer to measure temperature.  At all of my other sampling 
sites I used a YSI Pro Plus Quarto to measure temperature, pH, dissolved oxygen, and atmospheric 
pressure.  I calibrated the pH probes every other day and the dissolved oxygen probe before use.  I 
measured temperature with the YSI probe in all valleys except Quilcayhuanca where I used a 
traditional mercury thermometer.  I measured chlorine concentrations with a Chlorine Hach Kit, 
Model CN-21P (Hach; Loveland, Colorado) at all sampling sites. 
Sample analysis 
I analyzed the water samples for metals and anions at Western Washington University 
Advanced Materials Science & Engineering Center and STS Scientific Technical Services labs. Total 
and dissolved metals were acidified to 2% (v/v) with trace metal grade (TMG) nitric acid and 0.5 % 
(v/v) with TMG hydrochloric acid prior to analysis (USEPA, 1998).  Standards for metal analysis were 
generated using Inorganic Ventures IV stock 50 Environmental Calibration Standard which includes 
25 metals (Be, Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb, Th 
and U).  I used an Agilent 7500ce inductively coupled plasma mass spectrometer to analyze the 
metals samples for these 25 metals. Anion samples were analyzed for fluoride, nitrate, chloride and 
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sulfate with high performance liquid chromatography (Varian 240 ProStar) on a Waters 432 ion 
detector with by Scientific Technical Services at Western Washington University. 
Geospatial analysis 
With assistance from S. Arques (ACSP), I extracted spatial data from a series of different 
geographical databases and prepared them for further statistical analysis with my chemical data 
through the ArcGIS software.   This resulted in four sets of geographical data hereby referred to as 
“geographical parameters”.  These geographical parameters are: Geology, Ecology, Vegetation, and 
Valley Name.  The geological maps used to create the Geology dataset were found at the Sector of 
Energy and Mines of Ingemmet Institute of Geology, Minerals and Metallurgy (Wilson et al., 1995).  
The Ecology and Vegetation datasets were supplied by the Peruvian National Office of Evaluation of 
Natural Resources and Peruvian Ministry of the Environment, respectively. The valley name 
information came from the Map of Cordillera Blanca Nord, published by Deutscher Alpenverein 
(2006).  For the analysis of the geographical parameters I first determined the watershed area above 
each sampling site following the methods from Cooley (2016).  Then I determined the surface areas 
of each variable within the Geology, Ecology, and Vegetation data for each sample sites watershed.  
This was done by clipping the geographical parameters shapefiles with the delineated watersheds 
then running the clipped shapefiles through 3D analysis tools to determine surface area.  The 
different variables within the Geology, Ecology, and Vegetation geographical parameters are 
presented in Table A1.  The unique variables within the geographical parameters are identified in 
this study as “geographical variables”.  The geographical variables were then categorized in one of 
two different ways for each sample site so their relationship with the chemistry data could be 
explored using multivariate statistics.  These two ways were: 1) absence and presence groups for the 
Geology variables, and 2) rank groups of low, medium and high coverage based on surface area in 
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the watershed above each sample site for the Ecology and Vegetation variables.  The ranked groups 
were based on natural breaks in the sequence of values (Figure A1 and A2).   
 Glaciers and snow cover of the Cordillera Blanca were delineated for 2014 through the 
implementation of a Normalized Differenced Snow Index (NDSI) on Landsat Thematic Mapper (TM) 
imagery with help from E. Merrel. This index utilizes a ratio of TM bands 2 and 5 to isolate snow and 
ice from other features in the image using Equation 1:  
Equation 1)     
(𝑇𝑀 𝑏𝑎𝑛𝑑 2)−(𝑇𝑀 𝑏𝑎𝑛𝑑 5)
(𝑇𝑀 𝑏𝑎𝑛𝑑 2)+(𝑇𝑀 𝑏𝑎𝑛𝑑 5)
 
This ratio was determined using a Raster Calculator in ArcGIS and the resulting image was 
reclassified with a threshold value of 0.5, where pixels with a value greater than 0.5 were considered 
to be snow or ice (Silverio and Jaquet, 2005).  The surface area of glacier and snow cover in the 
Cordillera Blanca was then determined. 
Statistical Analysis 
Omitted Data and Detection Limits 
There were several different pieces of data that I omitted a priori to the statistical analysis.  
Analysis for metals in the water samples resulted in less than 40% having detectable levels of 
beryllium, antimony, thallium and thorium.  These four metals were excluded from the multivariate 
analysis due to the high amount of samples below detection.   In this study, the values below 
detection limit of retained analytes were estimated by applying a two-point calibration method 
using Croghan (2003) as a guide.  Specifically, I used the detection limit as the upper value on my 
calibration curve for values below detection and zero (the origin) as the lower value on my 
calibration curve; from this, a linear curve was fitted and the below detection points were 
estimated.  This was done to ensure all values below detection were positive and not homogeneous. 
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Multivariate Exploratory Analysis 
I used a combination of multivariate statistical approaches in the statistical package R to 
explore my chemical dataset.  To determine the relationship of geographical factors to metal 
concentrations, the ordinal associations between paired variables in the dataset were assessed 
using rank-based correlation coefficients (Kendall’s tau) with significance designated at an α of 0.05. 
The specific geographical variable that had the highest number of significant associations with the 
chemical data was used in further statistical analysis (Table A1).  
To ordinate the data based on variance of the chemistry measurements principal 
components analysis (PCA) was used. To identify groups of sites with similar characteristics I used 
the principal components coefficients to develop clusters through hierarchical clustering analysis 
(HCA).  The first three principal components (PCs) created through the PCA were chosen to be used 
in HCA because they explain the majority of the total variance in the system.  Clusters were created 
using Euclidean distance with Ward’s method and were defined using the cutree function in the R 
statistical package creating a predesignated number of clusters (R Core Team, 2016).  I then 
attempted to explain the difference between clusters by comparing the different geographical 
variable categories for each site through a chi-squared goodness of fit test with an α of 0.01 (default 
in R).  The PCA and HCA were ran on the chemistry data two times, once with the total data set and 
once with a subset of data.  These two analyses are referred to as PCA Model 1/HCA Model 1 and 
PCA Model 2/HCA Model 2. 
Univariate descriptive statistics and the nonparametric Wilcoxon rank-sum test were used 
to compare water chemistry between valleys as well as between the clusters using the statistical 
package R (R Core Team, 2016).  The nonparametric Wilcoxon rank-sum test was used (α of 0.05) to 
compare the valleys and clusters to the chemistry data due to the non-normality of the collection of 
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data used for the analysis.  The top twelve PCs from the first component were used in this 
comparison due to their importance to the explained variance. 
Biotic Ligand Model (BLM) 
M. Aiken (WWU) used the geochemical speciation software VMINTEQ v. 3.1.27 (Gustafsson, 
2014) to predict toxicity of water from each sample site (94 sites).  The program includes different 
models of the BLM; the individual models are derived from a range of studies and include different 
aquatic organisms (e.g. Daphnia magna, Pseudokirchneriella subcapitata, Oncorhynchus mykiss), 
different metals (e.g. copper, zinc, nickel, lead) and different toxicological endpoints (e.g. EC50, 
LC50, EC10, NOEC) for a total of 27 unique combinations (Table A2).  The VMINTEQ software paired 
with the BLM allowed for the input of all my chemical data to get the predicted toxicity results.  A 
total of 2,538 individual models were ran.  
Three of the available BLM models in VMINTEQ, were duplicated with the same test 
organism, metal and toxicological endpoint.  These duplicated models used the surrogate species 
Ceriodaphnia dubia and Daphnia magna to develop models for Brachionus calyciflorus, Lemna 
minor, and Lymnaea stagnalis (Schlekat et al. 2010). For my work, I compared the results of the 
model developed from C. dubia and the model developed from D. magna for each of the three 
species and found in all cases that the two surrogate species gave the same results.  Therefore, I 
arbitrarily chose the C. dubia surrogate models for these three species and removed the D. magna 
surrogate models. 
 While BLMs require only a few chemical inputs (generally dissolved organic carbon (DOC), 
sodium, magnesium, calcium, pH and the specific test metal) all chemistry data collected were used 
as inputs in my analysis. This was done to predict the amount of the test metal that was bioavailable 
in the system (VMINTEQ equilibria models) and use that concentration to predict toxicity (BLM). The 
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measured inputs used were: temperature, DOC, dissolved oxygen, pH, F-, NO3-, Cl-, SO42-, Na, Mg, Al, 
K, Ca, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Ba, Pb, and U. Ionic strength was calculated 
through the VMINTEQ software. The BLM is very sensitive to the DOC parameter due to its ability to 
bind metals.  Because I did not collect samples for DOC analysis, M. Aiken ran all available BLMs for 
each site with a low (0.1 mg/L) and a high value (0.6 mg/L).  The low value is considered realistic 
based on Fortner et al. (2011) who found concentrations in the Quilcayhuanca Valley that ranged 
from 0.0 mg/L to 1.1 mg/L with the majority of their sample sites below 0.3 mg/L.  The higher 
concentration was based on the USEPA recommended estimates for DOC concentrations in 
wetlands similar to those in the Cordillera Blanca.  Specifically, the median value from seven 
ecoregions similar to the Cordillera Blanca was 0.6 mg/L DOC; the ecoregions were the Cascades, 
Sierra Nevada, Southern Rockies, Canadian Rockies, North Cascades, Northern Rockies and the 
Middle Rockies (USEPA 2016). The two DOC values were applied to all 27 BLMs and all 94 sampling 
sites, and the number of models predicting toxicity were compared, where predicted toxicity was 
defined as a BLM output that exceeded the threshold value for the specific test.  There was no 
difference in toxicity due to the different DOC concentrations among 98.6% of models.  As a result, 
the 0.1 mg/L DOC concentration was used in the statistical analysis as a conservative approach due 
to the mitigating effects DOC has on aquatic metal toxicity (Di Toro et al., 2001). 
Each BLM is calibrated to a range of pH values.  I compared the pH at each sample site to the 
calibrated range in that model.  I also compared the pH at each site to the published tolerance range 
for the test organism.  In every case, if the pH was outside of the organism’s pH tolerance range 
then it was also outside of the model’s calibrated pH range.  There are three general categories that 
the BLM results would fall under with respect to pH: 1) the pH was outside of the calibrated range of 
the model but within the organism’s tolerance range, 2) the pH was outside the pH tolerance range 
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of the test organism and the model calibration range, 3) the pH was within both the pH range of the 
model calibration and the test organism’s pH tolerance.   
Results and discussion 
Exploratory Analysis of Water Chemistry 
Correlations 
The geographical variable within each geographical parameter that had the most significant 
correlations with the 29 chemistry variables was used in the principal component and hierarchical 
clustering analyses.  The rest were not used in further analysis to avoid issues of autocorrelation.  
The chosen variables for each geographical parameter were the Chicama Formation for the Geology 
parameter (18 significant correlations), Andean Grasslands for the Vegetation parameter (13 
significant correlations), and Moist Puna Snowfields for the Ecology parameter (8 significant 
correlations Table A1).   
Comparing the number of correlations among all chemical variables, a large number (18 out 
of 29) have at least 10 significant correlations (Table 1).  Of the significantly correlated chemistry 
variables there were a total of 30 pairs that had an absolute Kendall’s τ above 0.5.  Two pairs of 
variables had a τ above 0.7 (Ca/Mg and Ni/Co), 6 pairs had a τ between 0.6 and 0.7 (SO42-/Ca, SO42-
/Mg, Co/Fe, Co/Mn, SO42-/Ni and Zn/Mn) and 21 between τ of 0.5 and 0.6.  The only Kendall’s τ less 
than -0.5 was U/Co.  SO42- and Co had the most correlations (three each) with an absolute τ greater 
than 0.6.  The pairs of Ca/Mg, SO42-/Ca and SO42-/Mg are most likely related to water hardness as 
seen in similar studies (Cloudier et al., 2008) (Tables A3-A4). 
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First Principal Component Analysis and Hierarchical Cluster Analysis (PCA Model 1/HCA 
Model 1) 
 Two clusters were formed through the first hierarchical clustering analysis (HCA Model 1) on 
the first three principal components (PCs) of the first principal components analysis (PCA Model 1) 
and are shown in Figures 3-6 with their respective geographical labels, including Valley, Geology, 
Vegetation, and Ecology.  When using valleys to label the clusters, there is a distinct pattern with 
Cluster 1 containing only Quillcayhuanca sites and Cluster 2 consisting of sites from all the other 
valleys in addition to four misclassified sites from Quillcayhuanca (Figure 3).  Based on the chi-
squared test, these two clusters with the valley labels are statistically different (p-value 4.75e-14).  
The four misclassified sampling sites all are from small side tributaries off the northwestern ridge of 
the Quilcayhuanca glacier valley (Figure 2). There are only five sites in Quilcayhuanca that do not 
have Chicama in the watershed above the sampling location based on the maps produced by Wilson 
(1995).  Four of these sites are the misclassified sites with no Chicama in proximity to their 
watersheds (Figure 7).  For the fifth site, which clusters in Cluster 1, the upper part of the watershed 
was partially covered by a glacier that extended into the adjacent watershed in 1995 so the exact 
geology of that portion of the watershed is not identified on the geological maps used for this work; 
that adjacent watershed, however, is composed of only Chicama (Figure 7).  A review of recent 
satellite images shows glacier recession in both watersheds compared to the 1995 geological maps 
that I used, potentially exposing new formations of Chicama and providing a source of sulfides and 
metals to that watershed (Figure 7).  
Labeling of sites in the two clusters with respect to the presence and absence of the 
Chicama Formation showed all but one of the sites in Cluster 1 containing Chicama in the watershed 
and Cluster 2 containing a large number of sites without Chicama interspersed with sites having 
Chicama present; the site in Cluster 1 without Chicama is the fifth site referenced in the previous 
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paragraph.  These clusters are significantly different (p-value 1.60e-6) (Figure 4).  With respect to the 
Vegetation variable used for labeling clusters, Andean Grasslands, there is no visually evident 
pattern between the two clusters with both having roughly equal amounts of the high coverage and 
no coverage sites. Despite this lack of apparent pattern, the clusters are significantly different (p-
value = 1.3e-4) (Figure 5).  The last geographical parameter used to label the HCA plots was the 
Ecology geographical variable, Moist Puna Snowfields.  There is no apparent pattern between the 
two clusters, and they are not statistically different (p-value 2.68e-1) (Figure 6). 
  Based on the PCA Model 1/HCA Model 1, it is apparent that the water chemistry in the 
majority of Quilcayhuanca’s sample sites is different from all other sample sites, which is explained 
by the presence of Chicama in the valley.  A Wilcoxon rank-sum test was used to confirm similarities 
between the two clusters (Table 2).   
The 12 variables of the first principal component (PC1) with the highest absolute values 
were compared. Based on the Wilcoxon test, the medians of Cluster 1 were all significantly different 
than those of Cluster 2. High concentrations of metals and sulfate, as well as low pH (2.9-5), are 
associated with Cluster 1.  The highest median and maximum concentrations for the majority of 
metals and sulfate, and the lowest median and minimum pH were from sites in Cluster 1. Similar ion 
concentrations were reported in Fortner et al. (2011), which they attributed to sulfide oxidation of 
local geological formations causing ARD at levels comparable to AMD conditions from large historic 
mines (Table 4).  The variable loadings plot shows a strong positive relationship between a collection 
of metals and a strong negative relationship between the metals and pH on the first PC (Figure 8). 
The absolute variable scores of PC1 also reflect this (Table 3).  Based on the comparison of 
concentrations and loadings patterns of metals and the pH between the clusters and AMD sites, it is 
clear that ARD is occurring in Cluster 1 (Quilcayhuanca) but not so obvious in Cluster 2 (all other 
valleys). 
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Second Principal Component Analysis and Hierarchical Cluster Analysis (PCA Model 2/HCA 
model 2) 
 To investigate the potential for ARD within Cluster 2 a second set of principal component 
and hierarchical clustering analyses (referred to as PCA Model 2 and HCA Model 2) were conducted 
with only the data of Cluster 2. This resulted in two samples that each clustered by themselves in 
PCA Model 2 and therefore were identified as outliers; these outliers were removed in the final PCA 
Model 2 (Figure 9). These sites are in Ulta (site 67) and the other in Llanganuco (site 108).  Out of 
this subset of data (without Cluster 1) the Ulta outlier had the highest concentration of uranium and 
the site in Llanganuco had the highest concentration of vanadium and the lowest concentrations of 
calcium and aluminum.  These extreme values were most likely the cause for these sites becoming 
outliers during PCA Model 2/HCA Model 2. 
The variable loadings for PCA Model 2/HCA Model 2 are presented in Figure 10 and Table 5.  
Comparing the absolute loading values of the variables in the two principal components, eight of the 
top 12 are shared between the PCA Model 1 and PCA Model 2 (Table 5).  Additionally, in PC1 there is 
a strong positive relationship among, Ni, Zn, and Mn and a strong negative relationship between 
those metals and pH, with the second highest positive loading in PC1 being pH and the highest 
negative loading being Co (Figure 10 and Table 5); this is a similar pattern to what I found in PCA 
Model 1 for these metals.   
Examining the four clusters created with HCA2, the only geographical label that showed a 
significant difference among clusters was the Chicama Formation label (Figure 11).   Cluster A has 
only sites with Chicama present, where the remaining clusters have both present and absent. In the 
upper reaches of the Ulta valley, I observed the yellowish-brownish visual signs of ARD/AMD called 
“yellow boy” (iron hydroxides) in two of the four sites in Cluster A (Ravengai et al., 2005) (Figure 12).  
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This was not observed in any other areas except for Quilcayhuanca.  The two sites in Cluster A 
without the visual signs of ARD/AMD, in Llaca valley, were in proximity and downstream of exposed 
Chicama (Figure 7).  These visual observations support a connection between Cluster A sites and 
ARD and complement the ARD patterns seen in the variable loadings and separation of clusters in 
PCA Model 2/HCA Model 2. 
Using a Wilcoxon rank-sum test to examine the differences in water chemistry between 
clusters, the median concentrations of Co, Ni, Mn, Zn and median pH values in Cluster A are 
different from the other three clusters (Table 6), with the metals being higher by a factor of 10 and 
pH lower by one to two pH values. To assess whether ARD may be affecting water quality in the 
Cluster A sites, I compared the results between Cluster A of PCA Model 2/HCA Model 2 and Cluster 1 
of PCA Model 1/HCA Model 1, where several lines of evidence support the presence of ARD.  Cluster 
1 has higher median ion concentrations and lower pH than Cluster A in eleven of the top twelve 
variables of both PC1s from PCA Model 1 and PCA Model 2 but shows similarity between 
concentrations of Ni, Fe, Na and Ag based on Wilcoxon rank-sum test (Table 7).  There is also 
overlap between the ranges in concentration of Ni, Se, Fe and SO42- of Cluster A and Cluster 1 of 
which Ni, Fe and SO42- are known to be elevated in ARD conditions in the local region (Fortner et al., 
2011). Based on the similarities between Cluster 1 and Cluster A, the patterns in the variable 
loadings between PCA Model 1 and PCA Model 2, the significant separation between clusters based 
on the presence of Chicama and the visual signs of ARD in two of the four sites in Cluster A, the 
water at sites in Cluster A is likely influenced by ARD.  
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Toxicological modeling  
Toxicity across all valleys 
The results of the BLM modeling across all sampling sites show a clear pattern that 
separates Quilcayhuanca and all the other valleys (Table 8).  In Quilcayhuanca, 98% of the sites were 
outside of the calibrated pH range and organism tolerance for the BLM models. In the other valleys, 
Llaca had the most sites (45%) with pH outside of the calibrated model and organism tolerance 
ranges followed by Cojup (34%), Ishinca (26%), Llanganuco (22%), Ulta (21%) and Paron (19%).   pH 
outside of the calibrated and known toxicity ranges may cause toxicity and therefore mask toxic 
responses to the metals; this makes the overall picture of aquatic toxicity to metals in each valley 
more difficult to determine and compare.  For sites with pH in the calibrated model and organism 
tolerance range, Paron has the lowest percent of predicted toxic results, with 70% of the BLMs 
reporting no toxicity and only 11% toxic.  The rest of the valleys, excluding Quilcayhuanca, had 
between 39 and 60% nontoxic BLM predicted results, 16-34% toxic and the rest being outside of the 
calibrated pH range.   
Comparing BLM results to PCA results 
The difference between the two clusters from PCA Model 1/HCA Model 1 shows that Cluster 
1 is almost all below the organism threshold for pH, much like the Quillcayhuanca valley when 
examining BLM results across all valleys (Table 9).  A direct comparison between Quilcayhuanca and 
Cluster 1 can be done by removing the four Quilcayhuanca sites that were not in Cluster 1.  When I 
did this I found that all but one of the non-toxic responses remain (Figures 12 and 13).  Although we 
cannot predict metal toxicity with BLM in the Cluster 1 sites because of the low pH, as discussed 
previously, these sites have the highest metals concentrations and it is reasonable to expect that 
those would also cause toxicity to aquatic organisms.  In addition, the low pH in Cluster 1 (median 
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pH = 3.7) has the possibility to cause toxicity to aquatic organisms. The BLM results compared to the 
results of PCA Model 2/HCA Model 2 visually shows a difference between Clusters (Table 10).  In 
Cluster A, 93% of the sites have pH below the model calibration and organism tolerance minimums.  
The pattern of BLM results between the other clusters (B, C and D) are similar to each other (Table 
10).  The BLM results of Cluster 1 and Cluster A are visually different from the other clusters 
reflecting the ability of the PCA/HCA analysis to cluster the sites into meaningful groups based on 
the water chemistry, which was used to predict the toxicity with the BLM.   
When comparing metal concentrations, the clusters with low amounts of predicted toxicity 
and low pH have higher metal concentrations than those with higher predicted toxicity and neutral 
pH.  This suggests that if the pH came within the pH range of the models toxicity may be predicted 
showing that pH has the ability to mask toxicity results.  Examining water quality standards for 
human and aquatic health (Table 11) and comparing those standards to the metal concentrations it 
can be seen that valleys with high amounts of BLM results outside of the pH ranges also have high 
percentages of sites with concentrations above the water quality thresholds (Table 12).  The two 
valleys with the highest amount of sites with pH outside of the calibration range, Llaca an 
Quilcayhuanca, also have the highest percentages of sites with concentrations above the water 
quality standards. This shows that even though there is no toxicity predicted from the BLM the 
metal concentrations can still be at levels of concern to aquatic and human health.  The low pH, 
elevated metals concentrations and subsequent toxicity are expected in waters impacted by ARD. 
Conclusion 
Based on this study, and with support from previous literature, it is clear that ARD at levels 
comparable to large-scale mining is occurring in Quilcayhuanca, which is caused by the locally 
occurring Jurassic-age Chicama Formation. There are also signs of ARD occurring outside of 
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Quilcayhuanca to a lesser degree. The evidence for this is: 1) similar patterns in the contributions by 
the water chemistry variables to statistical analyses that distinguish among groups of sites with and 
without ARD; 2) the differences in medians between clusters in PCA Model 2/HCA Model 2 show a 
similar pattern to the differences in PCA Model 1/HCA Model 1 as well as overlap between some 
analyte concentrations between Cluster 1 and Cluster A; 3) the separation of clusters in both HCA 
Model 1 and HCA Model 2 through the presence of Chicama; and 4) on site visual signs of active ARD 
seen in the high reaches of Ulta valley.  The results of the BLM reflect this as well through the 
amount of predicted aquatic toxicity as well as the number of sites outside of the organismal 
threshold pH range, particularly in Quilcayhuanca (Cluster 1) and Cluster A.  Based on these results 
we can assume that there is either going to be metal toxicity or toxicity due to pH outside of the 
organismal pH range.  While this shows that there is potential for ARD to occur wherever Chicama 
occurs, there are many sites with Chicama in the watershed that do not have signs that they are 
influenced by ARD.  There are many reasons why this could be the case, including 1) proximity of 
Chicama to water sources required to provide the hydrologic connection to the sample sites; 2) the 
amount of Chicama covered by objects other than glaciers, such as soils, which may decrease the 
exposure to the atmosphere and limit the sulfide oxidation; and 3) the Chicama having no stable 
source of water to actively undergo sulfide oxidation.  
The early detection of ARD conditions in the region can help authorities get a head start on 
mitigation before watersheds turn into Quilcayhuanca type situations where all of sites have at least 
one analyte above the water quality standards for Peru.  The best chemistry parameters to monitor 
for these new exposures are Co, Ni, Mn, and pH due to their influence on both the PCA Model 1 and 
PCA Model 2 and their importance to human and aquatic health.  In addition, the water chemistry 
should be measured temporally to investigate issues arising from climate change and increased 
precipitation during the wet season.  While climate change can speed up the process of glacial 
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recession and potentially expose new Chicama outcrops the large precipitation events during the 
wet season are also a concern.  There are large amounts of Chicama exposed to oxygen with no 
hydrological connection except that from precipitation. This could cause large spikes in metal 
concentration during precipitation events potentially harming aquatic and human life just as much 
as what has been seen in Quilcayhuanca.  This temporal and spatial understanding of ARD in the 
Cordillera Blanca is very important to future mitigation of ARD and preservation of these important 
water resources. 
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Tables 
Table 1) Total number of significant correlations (α of 0.05) between all chemistry parameters using 
Kendall’s τ.  
 
Chemistry 
Parameter 
Number of 
Significant 
Correlations 
 
Chemistry 
Parameter 
Number of 
Significant 
Correlations  
altitude 6  Mn 17 
DO 1  Fe 17 
pH 18  Co 17 
temp 1  Ni 17 
F 3  Cu 19 
Cl 6  Zn 18 
NO3 0  As 5 
Sulfate 19  Se 16 
Na 13  Mo 16 
Mg 19  Ag 5 
Al 15  Cd 18 
K 2  Ba 4 
Ca 18  Pb 17 
V 13  U 14 
Cr 6    
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Table 2) Median (minimum-maximum) values of water chemistry parameters for sites contained in 
Cluster 1 (n=21) and Cluster 2 (n=73) in PCA Model 1. Different superscript letters denote medians 
that were significantly different (Wilcoxon rank-sum test α≤0.05).   
 
Water Chemistry 
Parameter (conc. 
units) 
Absolute 
PC1 Scores 
Cluster 1 
Median (Min-Max) 
Cluster 2 
Median (Min-Max) 
Co µg/L 0.2961 23.9 ( 8.87 - 126.52 )A 0.02 ( 4.02E-6 - 5.26 )B 
Mg mg/L 0.2851 8.3 ( 4.17 - 105.28 )A 0.80 ( 0.04 - 5.63 ) B 
Ni µg/L 0.2803 49.86 ( 11.44 - 258.27 ) A 0.05 ( 0.02 - 20.03 ) B 
Mn mg/L 0.2736 1.13 ( 0.36 - 14.47 ) A 3.33E-3 ( 9.17E-5 - 0.13 ) B 
Se µg/L 0.2660 1.31 ( 0.53 - 19.41 ) A 0.40 ( 0.16 - 3.43 ) B 
Fe mg/L 0.2591 2.62 ( 0.06 - 386.72 ) A 0.04 ( 1.37E-3 - 1.20 ) B 
SO42- mg/L 0.2588 100.1 ( 62.06 - 2239.66) A 6.03 ( 0.36 - 72.50 ) B 
Al mg/L 0.2503 2.29 ( 1.07 - 17 ) A 0.07 ( 0.01 - 0.3 ) B 
Cu µg/L 0.2392 7.06 ( 0.12 - 20.38 ) A 0.10 ( 0.03 - 3.35 ) B 
Zn mg/L 0.2354 0.31 ( 0.12 - 4.31 ) A 1.62E-3 ( 1.64E-4 - 0.03 ) B 
Na mg/L 0.2247 1.44 ( 0.34 - 5.74 ) A 1.04 ( 0.15 - 2.89 ) B 
pH 0.1984 3.7 ( 2.9 - 4.6 ) A 7.74 ( 5.15 - 9.90 ) B 
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Table 3) The 12 highest absolute variable loadings for the first 5 principal components of PCA Model 1.  The percent of the total variance 
explained by each variable is shown at the bottom. 
 
Variable PC1 Variable PC2 Variable PC3 Variable PC4 Variable PC5 
Co -0.29612 As -0.30635 Cr 0.523331 F 0.391693 Temp -0.45578 
Mg -0.2851 Cd 0.294126 V 0.513427 Temp 0.351365 DO 0.424207 
Ni -0.28027 Ba -0.28548 altitude -0.36914 Zn 0.301068 Mo 0.399765 
Mn -0.27356 Ca -0.27806 K 0.284898 U 0.296463 Ag -0.29364 
Se -0.26601 Cu 0.270087 U -0.2267 Pb -0.29117 alt -0.28987 
Fe -0.25912 Al 0.245223 Ag 0.214725 Mo 0.267675 U -0.28514 
SO4 -0.2588 Fe -0.23241 Cl 0.176704 pH 0.259899 Pb -0.23751 
Al -0.25031 SO4 -0.23205 Temp 0.136261 Se 0.226727 As -0.19461 
Ca -0.23922 K -0.21611 Cu 0.131233 Al 0.194013 K 0.160861 
Zn -0.23537 Pb 0.21597 F -0.12921 K 0.152076 F 0.127765 
Na -0.22474 Cl -0.20244 Ba -0.11893 Cl -0.14944 Cd -0.11171 
pH 0.198396 pH -0.20196 Na 0.117516 NO3 0.143628 NO3 0.102278 
Variance 
explained 
36.64% 
 
13.74% 
 
8.45% 
 
6.06% 
 
4.99% 
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Table 4) Comparison of water quality values from acid mine drainage and acid rock drainage sites to the samples collected in 2014. 
 
        
 Previous Studies Sample Collected Dry Season 2014 
Location 
Bullion 
Mine Adita 
Crystal 
Mine Adita 
Berkeley Pitbc 
Quilcayhuanca, 
Perud 
All valleys 
PCA Model 1/HCA Model 1 PCA Model 2/HCA Model 2 
Cluster 1 Cluster 2 
Cluster 21 
Cluster A Cluster B,C,D 
Analyte 
concentration 
Median Median 
Single 
measurement 
Median Median Median Median Median Median 
pH 3 4.7 2.47 3.6 7.56 3.7 7.74 5.96 7.77 
Mg (mg/L) 27 15.7 331 7.1 1.09 8.3 8.04E-01 1.43 0.8 
Cd (mg/L) 0.344 0.536 NA NA 1.24E-05 8.59E-04 9.82E-06 1.45E-04 9.36E-06 
Cu (mg/L) 4.92 7.165 69.7 6.30E-03 1.80E-04 7.06E-03 9.77E-05 1.62E-04 6.29E-05 
Pb (mg/L) 0.355 0.0635 NA 2.40E-03 5.22E-05 1.85E-03 3.43E-05 1.25E-05 3.87E-05 
Zn (mg/L) 35.2 44 293 3.33E-01 2.11E-03 3.07E-01 1.62E-03 2.10E-02 1.51E-03 
As (mg/L) 1.53 0.121 0.42 NA 1.64E-04 2.48E-04 9.76E-05 2.07E-06 1.15E-04 
Mn (mg/L) NA NA 170 1 5.09E-03 1.13 3.33E-03 8.11E-02 3.28E-03 
Fe (mg/L) NA NA 283 1 5.42E-02 2.62 4.19E-02 6.29E-02 4.18E-02 
SO4 (mg/L) NA NA 5100 116 7.47 100 6.03 19.48 4.98 
Co (mg/L) NA NA NA 1.97E-02 3.57E-05 2.39E-02 1.70E-05 4.36E-03 1.47E-05 
Ni (mg/L) NA NA NA 3.90E-02 1.25E-04 4.99E-02 4.96E-05 1.36E-02 4.92E-05 
a (Sando et al., 2015) 
b (Pellicori, 2004) 
C (Pellicori et al., 2005) 
d (Fortner et al., 2011) 
1Cluster two in PCA Model 2/HCA Model 2 had two outliers removed prior to analysis. 
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Table 5) Top 12 highest absolute variable loadings for the first 5 principal components of PCA Model 2.  The percent of the total variance 
explained by each component is shown at the bottom.  Bold variables in PC1 are also in PC1 of PCA Model 1 (Table 3).  
 
  
Variable PC1 Variable PC2 Variable PC3 Variable PC4 Variable PC5 
Co -0.41149 Ca 0.417864 Pb 0.344227 Cr -0.42205 Mo 0.468752 
Ni -0.35459 Mg 0.397724 Cd 0.325457 V -0.39399 DO 0.398429 
Mn -0.35203 SO4 0.26423 Se 0.302003 K -0.38648 pH -0.33533 
Zn -0.35175 U 0.245043 As 0.289759 Na -0.33049 temp -0.31603 
Cd -0.27666 Pb -0.24472 Ag 0.266813 altitude 0.328941 Ba 0.305411 
SO4 -0.25315 Ba 0.240827 temp 0.243939 Al -0.25223 NO3 -0.30156 
Fe -0.23782 Na 0.215843 V 0.236822 U 0.229743 F 0.279629 
Se -0.23115 Mn 0.206599 pH 0.218052 Se 0.219716 alt -0.22049 
Pb -0.21437 Se -0.19585 U 0.217178 Cu -0.18955 Cl 0.114171 
U 0.161024 Cd -0.19352 Cu 0.206621 Cl -0.17569 SO4 0.113394 
pH 0.160798 Cl 0.191876 Ba 0.18708 Cd 0.107357 Ag 0.112279 
Ag -0.13113 Ag -0.17377 Cr 0.180456 Mg 0.105454 Ca 0.109758 
Variance 
explained 16.10%  13.83%  12.30%  9.80%  7.15% 
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Table 6) Median (minimum-maximum) values of different water chemistry parameters for Clusters A (n=4), B (n=27), C (n=15) and D (n=25). 
Different superscript letters denote medians that were significantly different (Wilcoxon rank-sum test) 
 
Water Chemistry 
Parameter (conc. units) 
Absolute PC1 
Scores Cluster A Median (Min-Max) Cluster B Median (Min-Max) Cluster C Median (Min-Max) Cluster D Median (Min-Max) 
Co µg/L 0.4115 4.36 ( 2.35 - 5.26 )A 0.03 ( 4.02E-3 - 0.58 )B 0.01 ( 9.00E-3 - 0.47 ) B 0.01 ( 6.40E-3 - 0.19 ) B 
Ni µg/L 0.3546 13.61 ( 5.37 - 20.03 ) A 0.04 ( 0.03 - 1.50 ) B 0.08 ( 0.04 - 2.77 ) B 0.05 ( 0.02 - 1.22 ) B 
Mn mg/L 0.352 0.081 ( .072 - 0.130 ) A 3.12E-3 ( 1.0E-4 - 5.06E-2) B 3.45E-3 ( 3.70E-4 - 4.40E-2 ) B 3.32E-3 ( 9.00E-5 – 3.01E-2 ) B 
Zn mg/L 0.3518 2.10E-2( 1.32E-2 – 2.68E-2 ) A 1.15E-3 (1.60E-4 - 4.70E-3 ) B 1.91E-3 ( 4.20E-4 – 2.40E-2 ) B 1.71E-3 ( 2.90E-4 - 7.15E-3 ) B 
Cd µg/L 0.2767 0.15 ( 0.03 - 0.27 ) A 0.01 ( 2.70E-3 - 0.56 )B 0.01 ( 3.38E-3 - 0.16 )AB 0.01 ( 2.04E-3 - 0.17 )B 
SO42- mg/L 0.2531 19.48 ( 17.14 - 75.50 ) A 1.93 ( 0.36 - 15.54 )B 16.89 ( 1.23 - 25.41 ) A 6.12 ( 0.76 - 10.84 )C 
Fe mg/L 0.2378 0.06 ( 2.15E-2 - 1.20 ) A 0.05 ( 1.37E-3 - 0.41 ) A 0.04 ( 1.94E-2 - 0.07 ) A 0.04 ( "2.75E-3" - 0.09 ) A 
Se µg/L 0.2311 0.43 ( 0.40 - 0.58 ) A 0.42 ( 0.17 - 1.10 ) A 0.28 ( 0.18 - 0.65 ) A 0.37 ( 0.16 - 0.78 ) A 
Pb µg/L 0.2144 0.01 ( 0.01 - 0.02 ) A 0.05 ( 0.01 - 0.41 )B 0.03 ( 0.01 - 0.15 ) AB 0.05 ( 0.01 - 0.15 )B 
U µg/L 0.161 0.02 ( 2.10E-3 - 0.06 ) A 1.53 ( 0.09 - 6.50 )B 3.85 ( 0.18 - 24.90 )C 6.40 ( 0.26 - 16.69 )C 
pH 0.1608 5.96 ( 5.15 - 7.11 ) A 7.65 ( 5.30 - 8.58 )B 7.85 ( 6.40 - 8.37 )B 8.04 ( 5.60 - 9.90 )B 
Ag µg/L 0.1311 0.22 ( 0.16 - 0.39 ) A 0.25 ( 0.13 - 8.03 )A 0.22 ( 0.16 - 1.16 )A 0.35 ( 0.16 - 1.49 )A 
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Table 7) Median (minimum-maximum) values of different water chemistry parameters for Clusters 1 (n=21) and A (n=4). Different 
superscript letters denote medians that were significantly different (Wilcoxon rank-sum test). The different subscript numbers denote the 
rank of the absolute PC score in PC1. 
 
Water Chemistry 
Parameter (conc. units) 
Absolute PC1 Scores 
(PCA Model 1) 
Absolute PC1 Scores 
(PCA Model 2) 
Cluster 1 
Median (Min-Max) 
Cluster A 
Median (Min-Max) 
Co µg/L 0.29611 0.41151 23.9 ( 8.87 - 126.52 )A 4.36 ( 2.35 - 5.26 ) B 
Mg mg/L 0.28512 0.009129 8.3 ( 4.17 - 105.28 )A 1.43 ( 1.07 - 2.29 ) B 
Ni µg/L 0.28033 0.35462 49.86 ( 11.44 - 258.27 ) A 13.61 ( 5.37 - 20.03 ) A 
Mn mg/L 0.27364 0.3523 1.13 ( 0.36 - 14.47 ) A 0.081 (0 .072 - 0.130 ) B 
Se µg/L 0.26605 0.23118 1.31 ( 0.53 - 19.41 ) A 0.43 ( 0.40 - 0.58 ) B 
Fe mg/L 0.25916 0.23787 2.62 ( 0.06 - 386.72 ) A 0.06 ( 2.15E-2 - 1.20 ) A 
SO42- mg/L 0.25887 0.25316 100.1 ( 62.06 - 2239.66) A 19.48 ( 17.14 - 75.50 ) B 
Al mg/L 0.25038 0.060220 2.29 ( 1.07 - 17.00 ) A 0.16 ( 4.38E-2 - 0.25 ) B 
Cu µg/L 0.23929 0.110216 7.06 ( 0.12 - 20.38 ) A 0.16 ( 0.10 – 0.42) B 
Zn mg/L 0.235410 0.35184 0.31 ( 0.12 - 4.31 ) A 2.10E-2( 1.32E-2 - 2.68E-2 ) B 
Na mg/L 0.224711 0.025026 1.44 ( 0.34 - 5.74 ) A 1.33 ( 0.84 - 1.83 ) A 
pH 0.198412 0.160811 3.7 ( 2.9 - 4.6 ) A 5.96 ( 5.15 - 7.11 ) B 
Cd µg/L 0.190213 0.27675  0.86 ( 0.11 - 3.98) A 0.15 ( 0.03 - 0.27 ) B 
Pb µg/L 0.115220 0.21449 1.85 ( 3.64E-2 – 13.1) A 0.01 ( 0.01 - 0.02 ) B 
U µg/L 0.066123 0.16110 9.82E-2 ( 5.28E-3 – 0.25 ) A 0.02 ( 2.10E-3 - 0.06 ) B 
Ag µg/L 0.005329 0.131112 0.20 ( 0.17 – 3.08) A 0.22 ( 0.16 - 0.39 ) A 
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Table 8) The BLM results across all valleys as percentages of the total number of models ran 
(n=2,538 models). Results are either predicted/no predicted toxicity when the measured pH was 
suitable for the model and the organism or outside of the calibration range. 
 
 
Toxicity Results 
Outside Organism 
Tolerance pH Range 
Outside Organism 
Tolerance and Model 
pH Calibration 
Range  
Valley 
Predicted 
Toxicity 
No Predicted 
Toxicity 
Below 
pH 
Range 
Above pH 
Range 
Below pH 
Range 
Above pH 
Range 
Quilcayhuanca 0% 2% 93% 0% 5% 0% 
Cojup 22% 43% 0% 17% 0% 18% 
Llaca 16% 39% 17% 15% 6% 7% 
Ishinca 22% 52% 2% 14% 2% 8% 
Ulta 20% 59% 4% 12% 2% 3% 
Llanganuco 34% 44% 0% 16% 0% 6% 
Paron 11% 70% 6% 3% 8% 2% 
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Table 9) The BLM results for Cluster 1 and Cluster 2 from PCA Model 1/HCA Model 1 as percentages 
of the total number of models ran (2,538 models). These clusters were separated based on the 
results of the chemical data ran through PCA Model 1/HCA Model 1. Results are either predicted/no 
predicted toxicity or outside of the pH range. 
 
 
 
Toxicity Results 
 
Outside Organism pH 
Range 
Outside Organism and 
Model pH Calibration 
Range 
Cluster  
Predicted 
Toxicity 
No Predicted 
Toxicity 
Below pH 
Range 
Above pH 
Range 
Below pH 
Range 
Above pH 
Range 
1 0% 0% 98% 0% 2% 0% 
2 20% 52% 7% 11% 4% 6% 
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Table 10) The BLM results for Cluster A, B, C, and D from PCA Model 2/HCA Model 2 as percentages 
of the total number of models ran (1,917 models). These clusters were separated based on the 
results of the chemical data ran through PCA Model 1/HCA Model 1. Results are either predicted/no 
predicted toxicity or outside of the pH range. 
 
 
 
Toxicity Results 
 
Outside Organism pH 
Range 
Outside Organism and 
Model pH Calibration 
Range 
Cluster 
Predicted 
Toxicity 
No Predicted 
Toxicity 
Below pH 
Range 
Above pH 
Range 
Below pH 
Range 
Above pH 
Range 
A 2% 36% 44% 0% 18% 0% 
B 18% 56% 9% 10% 5% 2% 
C 24% 54% 1% 11% 2% 8% 
D 20% 53% 4% 13% 3% 7% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
36 
 
 
Table 11) Various countries/organizations water standards for human and aquatic health. 
  
 
 Human Health Aquatic Health 
 PeruA WHOB MCLC 
CMCD 
(acute) 
CCCD 
(chronic) 
pH 6.5-8.5 - - - 6.5-9 
Sulfate (mg/L) 250 - - - - 
Al (mg/L) 0.2 - - 0.75 0.087 
As (mg/L) 0.1 0.01 0.01 0.34 0.15 
Ba (mg/L) 0.7 0.1 2 - - 
Be (mg/L) 0.004 - 0.004 - - 
Cd (mg/L) 0.003 0.003 0.005 0.0018 0.00072 
Cu (mg/L) 2 2 1.3 - - 
Cr total (mg/L) 0.05 0.05 0.1 - 0.074 
Fe (mg/L) 0.3 - - - 1 
Mn (mg/L) 0.1 - - - - 
Ni (mg/L) 0.02 0.07 - 0.47 0.052 
Ag (mg/L) 0.01 - - 0.0032 - 
Pb (mg/L) 0.01 0.01 0.015 0.065 0.0025 
Se (mg/L) 0.01 0.04 0.05 - - 
U (mg/L) 0.02 0.03 0.03 - - 
V (mg/L) 0.1 - - - - 
Zn (mg/L) 3 - - 0.12 0.12 
 
A (Peru Supreme Decree, 2008) 
B (WHO, 2008) 
C (USEPA, 2009) 
D (USEPA, 2017) 
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Table 12) The percentages of sites in each valley over the water quality standards stated in the Peru Supreme Decree, 2008 for surface water 
in regards to human consumption. 
 
 
Quilcayhuanca 
(n=25) 
Cojup  
(n=7) 
Llaca 
 (n=6) 
Ishinca 
(n=13) 
Ulta 
 (n=19) 
Llanganuco 
(n=10) 
Paron 
(n=14) 
pH (6.5-8.5) 100% 0% 0.5% 0.08% 0.11% 0.1% 0.14% 
Sulfate (250 mg/L) 8% 0% 0% 0% 0% 0% 0% 
Al (0.2 mg/L) 84% 0% 50% 0% 26.3% 0% 0% 
As (0.1 mg/L) 0% 0% 0% 0% 0% 0% 0% 
Ba (0.7 mg/L) 0% 0% 0% 0% 0% 0% 0% 
Cd ( 0.003 mg/L) 8% 0% 0% 0% 0% 0% 0% 
Cu (2 mg/L) 0% 0% 0% 0% 0% 0% 0% 
Cr total (0.5 mg/L) 0% 0% 0% 0% 0% 0% 0% 
Fe (0.3 mg/L) 76% 0% 0% 0% 10.5% 0% 0% 
Mn ( 0.1 mg/L) 84% 0% 0% 0% 5.3% 0% 0% 
Ni ( 0.02 mg/L) 72% 0% 16.7% 0% 0% 0% 0% 
Ag (0.01 mg/L) 0% 0% 0% 0% 0% 0% 0% 
Pb (0.01 mg/L) 4% 0% 0% 0% 0% 0% 0% 
Se (0.01 mg/L) 4% 0% 0% 0% 0% 0% 0% 
U ( 0.02 mg/L) 0% 14.3% 0% 0% 5.3% 0% 0% 
V (0.1 mg/L) 0% 0% 0% 0% 0% 0% 0% 
Zn (3 mg/L) 4% 0% 0% 0% 0% 0% 0% 
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Figures 
 
Figure 1) Map of sampling sites in the northern valleys of Llanganuco, Paron, and Ulta in the 
Cordillera Blanca, Peru. 
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Figure 2) Map of sampling sites in the southern valleys of Cojup, Ishinca, Llaca and Quilcayhuanca in 
the Cordillera Blanca, Peru.  The blue circle encompasses the four misclassified sites described in 
PCA Model 1/HCA Model 
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Figure 3) Dendrogram showing results of hierarchical clustering on the first three principal components of PCA Model 1. The labels represent 
the valleys where the samples were collected: C (Cojup), G (Llanganuco), I (Ishinca), L (Llaca), P (Paron), Q (Quilcayhuanca) and U (Ulta). 
Quilcayhuanca is labeled in red and the rest of the valleys in black.  The valley names and the clusters were tested for goodness of fit with 
chi-squared yielding chi-squared=74.63 and p-value =4.57e-14 (α≤ 0.01). 
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Figure 4) Dendrogram showing results of hierarchical clustering on the first three principal components of PCA Model 1.  The labels 
represent the absence and presence (denoted A and P) of Chicama in the water catchment above the sample site.  The different levels were 
tested for goodness of fit with the clusters using a chi-squared test, yielding chi-squared=23.03 and a p-value =1.60e-6 (α≤ 0.01). 
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Figure 5) Dendrogram showing results of hierarchical clustering on the first three principal components of PCA Model 1.  The labels 
represent the surface area (m2) levels of high, medium, low and absence of the Andean Grasslands (denoted H, M, L, and A) in the water 
catchment above the sample site.  The different levels of Andean Grasslands were tested for goodness of fit with the clusters using a chi-
squared test, yielding chi-squared=0.55 and a p-value =1.30e-4 (α≤ 0.01).    
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Figure 6) Dendrogram showing results of hierarchical clustering on the first three principal components of PCA Model 1.  The labels 
represent the surface area (m2) levels of high, medium and low of the Moist Puna Snowfields (denoted as H, M, and L) in the water 
catchment above the sample site.  The different levels of Moist Puna Snowfields were tested for goodness of fit with the clusters using a chi-
squared test, yielding chi-squared=2.63 and a p-value =2.68e-1 (α≤ 0.01). 
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Figure 7) Southern reach of the Cordillera Blanca with snow/ice coverage of 1995 and 2014 as well 
as the extent of exposed Chicama geological Formation from 1995. The blue circle and the red 
square encompasses the four misclassified sites and the one site in Cluster 1 with no Chicama, 
respectively, as described in PCA Model 1/HCA Model 1. The red circle encompasses the two sites 
from Llaca that reside within Cluster A. 
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Figure 8) PCA Model 1 variable loadings of the first two principal components. 
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Figure 9) The dendrogram of PCA Model 2/HCA Model 2 showing the two outliers.  One outlier from Llanganuco and one from Ulta.  
 
47 
 
 
Figure 10) PCA Model 2 variable loadings of the first two principal components. 
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Figure 11) The results of HCA Model 2 of the first three PCs of the PCA Model 2 showing Groups A, B, C and D delineated by the black boxes.  
The labels represent absence and presence of Chicama (denoted A and P) in the water catchment above the sample sites.  The different 
Chicama levels were tested for goodness of fit with the clusters using chi-squared test, yielding chi-squared=15.3 and a p-value =0.002 (α≤ 
0.01).
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Figure 12) Northern reach of the Cordillera Blanca with snow/ice coverage of 1995 and 2014 as well 
as the extent of exposed Chicama geological Formation from 1995. The red circle encompasses the 
two sites from Ulta that reside within Cluster A. 
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Appendix 
 
Table A1) Total number of significant correlations (Kendall’s τ) of each geographical variable with the 
water chemistry data. Parameters in bold had the greatest number of significant correlations with 
water chemistry and were, therefore used as the variable for that geographical parameter. 
 
Geographical 
Parameter 
Number of significant 
correlations with Water 
chemistry 
Name of Geographical Variable 
Vegetation  0 Bofedal Wetlands 
Vegetation  7 Old High Andean Forests 
Vegetation  7 High Andean Minimal/No Vegetation 
Vegetation  5 Glacier 
Vegetation  5 Ponds, Lakes and Oxbow 
Vegetation  13 Andean Grasslands 
Geology   6 Miocene aged geology 
Geology   4 Glacier 
Geology   5 Holocene Aged Geology 
Geology   18 Chicama Formation 
Ecology  5 Snow 
Ecology  8 Moist Puna Snowfields 
Ecology  0 Areas Intervened 
Ecology  0 Water Body 
Ecology  6 Grasslands in High Wet Andean Plateau 
Ecology  0 Semi-desert in High Andean Plateau 
Ecology 3 
Upper Mountain Shrub land/Grassland 
in High Andean Plateau 
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Table A2) All models used in the Biotic Ligand Model analysis.  The three bold entries are studies 
that contain the duplicate models that were removed. 
 
Metal Test Species Endpoint Citation  
Pb Ceriodaphnia dubia  NOEC-EC10 Nys et al., 2013 
Cu Brachionus calyciflorus  LOEC De Schamphelaere et al., 2006 
Cu Brachionus calyciflorus  NOEC De Schamphelaere et al., 2006 
Cu Ceriodaphnia dubia  LC50 Santore et al., 2001 
Cu Chlamydomonas reinhardtii EC10 De Schamphelaere and Janssen, 2006 
Cu Chlamydomonas reinhardtii EC50 De Schamphelaere and Janssen, 2006 
Cu Chlorella vulgaris EC10 De Schamphelaere and Janssen, 2006 
Cu Chlorella vulgaris EC50 De Schamphelaere and Janssen, 2006 
Cu Daphnia magna  EC50 De Schamphelaere and Janssen, 2004 
Cu Daphnia magna  LC50 Santore et al., 2001 
Cu Daphnia magna  NOEC De Schamphelaere and Janssen, 2004 
Cu Daphnia pulex LC50 Santore et al., 2001 
Cu Pimephales promelas LC50 Santore et al., 2001 
Cu Pseudokirchneriella subcapitata EC10 De Schamphelaere and Janssen, 2006 
Cu Pseudokirchneriella subcapitata  EC50 De Schamphelaere and Janssen, 2006 
Cu Pseudokirchneriella subcapitata  NOEC De Schamphelaere and Janssen, 2006 
Cu Scenedesmus quadricauda EC50 De Schamphelaere and Janssen, 2006 
Ni Brachionus calyciflorus EC50 Schlekat et al., 2010 
Ni Lemna minor  EC50 Schlekat et al., 2010 
Ni Lymnaea stagnalis EC50 Schlekat et al., 2010 
Ni Pseudokirchneriella subcapitata EC10  Deleebeeck et al., 2009 
Ni Pseudokirchneriella subcapitata EC50  Deleebeeck et al., 2009 
Zn Brachionus calyciflorus NOEC De Schamphelaere and Janssen., 2010 
Zn Daphnia Magna NOEC Van Sprang et al., 2009 
Zn Lymnaea stagnalis NOEC De Schamphelaere and Janssen, 2010 
Zn Oncorhynchus mykiss NOEC Van Sprang et al., 2009 
Zn Pseudokirchneriella subcapitata  NOEC Van Sprang et al., 2009 
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Table A3) List of organismal pH thresholds used in the BLM analysis. 
 
pH threshold Species Study  
6.0-10.0 Brachionus calyciflorus Yin and Niu, 2008   
6.1-8.9 Ceriodaphnia dubia  Belanger and Cherry, 1990   
5.5-8.5 Chlamydomonas reinhardtii Messerli et al., 2005   
6.2-8.3 Chlorella vulgaris Rachlin and Grosso, 1991   
6.9-10.2 Daphnia Magna Potts and Fryer, 1979   
6.4-7.6 Daphnia pulex Davis and Ozburn, 1969   
4.0-10.0 Lemna minor  McLay, 1976   
6.0-9.5 Lymnaea stagnalis Eilers et al., 1984   
6.0-9.0 Oncorhynchus mykiss Alabaster and Lloyd, 1980   
6.6-7.5 Pimephales promelas Mount, 1973   
4.1-8.5 Pseudokirchneriella subcapitata  Eilers et al., 1984   
4.1-8.5 Scenedesmus quadricauda Eilers et al., 1984   
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Table A4) Kendall’s τ significant correlations below the divide and level of association above. Bold numbers indicate a τ of above an absolute 0.5 and 
highlighted cells show significant correlations at α=0.05. The geographical variables are as follows: Bofedal Wetlands (V1), Old High Andean Forests (V2), 
High Andean Minimal/No Vegetation (V3), Glacier (V4), Ponds, Lakes, Oxbow (V5), Andean Grasslands (V6), Miocene (G1), Glacier (G2), Holocene (G3), 
Chicama Formation (G4), Snow (B1), Moist Puna Snowfields (B2), Areas Intervened (B3), Water Body (B4), Grasslands in High Wet Andean Plateau (B5), 
Semi-Desert in High Andean Plateau (B6), and Upper Mountain Shrubland/Grassland(B7).  (continued)
 
Site alt DO pH temp F Cl NO3 Sulfate NaD MgD AlD KD CaD VD CrD MnD FeD CoD NiD CuD ZnD AsD
Site NA 1.47E-01 -9.76E-02 4.95E-01 1.70E-01 -4.61E-01 -1.23E-01 -3.43E-02 -2.95E-01 -1.47E-01 -2.79E-01 -3.48E-01 1.21E-01 -2.97E-01 2.76E-01 4.65E-02 -3.75E-01 -2.96E-01 -3.51E-01 -3.66E-01 -2.28E-01 -3.36E-01 7.32E-03
alt 1.58E-01 NA -2.01E-01 2.22E-01 1.89E-02 -4.10E-02 -3.03E-01 -6.96E-02 -6.16E-02 -2.08E-01 7.10E-03 -9.73E-02 -7.62E-02 -9.38E-03 -1.92E-01 -2.93E-01 -1.21E-01 -8.72E-02 -1.37E-01 -1.22E-01 -2.12E-01 2.49E-02 -4.32E-01
DO 3.49E-01 5.25E-02 NA -1.46E-01 -3.93E-01 5.19E-02 -5.25E-02 1.63E-02 -1.65E-02 -8.50E-02 -8.22E-02 1.54E-01 -1.10E-01 -8.69E-02 3.38E-02 -2.82E-02 -4.59E-02 1.00E-02 -1.51E-02 -2.91E-02 -1.68E-02 -1.39E-01 3.77E-02
pH 4.04E-07 3.14E-02 1.60E-01 NA 2.03E-01 -1.96E-01 -1.31E-01 -8.33E-02 -3.85E-01 -1.77E-01 -2.27E-01 -4.45E-01 1.37E-01 -2.27E-01 2.10E-01 -6.52E-02 -4.20E-01 -3.74E-01 -4.81E-01 -4.69E-01 -4.37E-01 -3.67E-01 -4.10E-02
temp 1.00E-01 8.57E-01 8.81E-05 5.03E-02 NA -4.70E-02 5.95E-02 -5.00E-02 -3.92E-02 8.34E-02 -1.38E-03 -1.87E-01 9.63E-02 -7.83E-03 8.17E-02 7.94E-02 -1.15E-02 -6.22E-02 -7.47E-02 -4.08E-02 2.37E-02 -7.83E-03 7.30E-02
F 2.85E-06 6.95E-01 6.19E-01 5.85E-02 6.53E-01 NA 6.11E-02 -3.66E-02 1.65E-01 1.16E-01 1.26E-01 1.30E-01 -5.65E-02 1.96E-01 -2.15E-01 -9.92E-02 1.60E-01 1.47E-01 1.49E-01 1.60E-01 1.37E-02 1.63E-01 -2.15E-02  
Cl 2.39E-01 2.98E-03 6.16E-01 2.08E-01 5.69E-01 5.58E-01 NA 1.53E-01 2.15E-01 3.08E-01 2.34E-01 9.00E-02 1.17E-01 2.32E-01 4.98E-02 1.70E-01 1.58E-01 1.50E-01 1.51E-01 2.00E-01 9.11E-02 9.82E-02 1.92E-01
NO3 7.43E-01 5.05E-01 8.76E-01 4.25E-01 6.32E-01 7.26E-01 1.42E-01 NA 3.34E-02 1.32E-01 9.43E-02 1.57E-01 6.27E-02 7.55E-02 4.22E-02 9.17E-02 8.88E-02 2.79E-02 -2.38E-02 -1.56E-02 2.72E-02 6.64E-02 8.17E-02
Sulfate 3.85E-03 5.56E-01 8.74E-01 1.30E-04 7.08E-01 1.12E-01 3.78E-02 7.49E-01 NA 3.11E-01 6.58E-01 3.42E-01 -2.86E-02 6.84E-01 -2.02E-01 1.53E-01 5.30E-01 4.42E-01 5.38E-01 6.14E-01 4.64E-01 4.82E-01 6.45E-02
NaD 1.57E-01 4.47E-02 4.15E-01 8.71E-02 4.24E-01 2.67E-01 2.49E-03 2.05E-01 2.29E-03 NA 3.26E-01 1.44E-01 3.33E-01 3.79E-01 5.27E-03 1.84E-01 3.13E-01 2.51E-01 3.27E-01 3.46E-01 2.17E-01 2.30E-01 1.55E-01
MgD 6.40E-03 9.46E-01 4.31E-01 2.80E-02 9.89E-01 2.26E-01 2.31E-02 3.66E-01 5.64E-13 1.34E-03 NA 2.71E-01 -1.05E-01 7.63E-01 -3.30E-01 1.01E-01 4.90E-01 3.64E-01 3.68E-01 4.76E-01 3.01E-01 5.24E-01 3.20E-02
AlD 5.99E-04 3.51E-01 1.38E-01 7.04E-06 7.11E-02 2.11E-01 3.88E-01 1.30E-01 7.41E-04 1.65E-01 8.22E-03 NA -2.95E-02 1.86E-01 -8.23E-02 1.33E-01 5.67E-01 5.59E-01 4.93E-01 3.77E-01 4.39E-01 4.29E-01 4.71E-02
KD 2.45E-01 4.65E-01 2.93E-01 1.87E-01 3.56E-01 5.89E-01 2.61E-01 5.48E-01 7.84E-01 1.04E-03 3.14E-01 7.78E-01 NA 1.53E-02 2.85E-01 1.74E-01 3.04E-02 1.27E-01 1.18E-01 4.19E-02 -6.41E-03 -8.90E-02 1.91E-01
CaD 3.63E-03 9.28E-01 4.05E-01 2.80E-02 9.40E-01 5.82E-02 2.42E-02 4.69E-01 2.89E-14 1.68E-04 0.00E+00 7.20E-02 8.83E-01 NA -2.57E-01 1.42E-01 4.25E-01 3.37E-01 3.71E-01 4.74E-01 3.39E-01 4.23E-01 5.63E-02
VD 7.06E-03 6.39E-02 7.46E-01 4.22E-02 4.34E-01 3.77E-02 6.34E-01 6.86E-01 5.05E-02 9.60E-01 1.17E-03 4.31E-01 5.39E-03 1.23E-02 NA 4.39E-01 -1.74E-01 -1.15E-01 -1.46E-01 -1.72E-01 1.10E-01 -3.11E-01 3.33E-01
CrD 6.56E-01 4.13E-03 7.87E-01 5.32E-01 4.47E-01 3.41E-01 1.01E-01 3.79E-01 1.41E-01 7.66E-02 3.32E-01 2.01E-01 9.28E-02 1.71E-01 9.79E-06 NA 1.60E-01 1.36E-01 1.74E-01 1.85E-01 4.18E-01 7.45E-02 5.25E-01
MnD 2.00E-04 2.47E-01 6.61E-01 2.56E-05 9.12E-01 1.24E-01 1.29E-01 3.95E-01 3.92E-08 2.11E-03 5.28E-07 2.62E-09 7.71E-01 1.97E-05 9.36E-02 1.24E-01 NA 5.80E-01 6.21E-01 5.63E-01 4.75E-01 6.44E-01 9.52E-02
FeD 3.74E-03 4.03E-01 9.24E-01 2.09E-04 5.52E-01 1.58E-01 1.50E-01 7.89E-01 8.30E-06 1.49E-02 3.16E-04 4.78E-09 2.23E-01 8.81E-04 2.71E-01 1.92E-01 9.38E-10 NA 6.43E-01 5.09E-01 3.89E-01 4.57E-01 1.19E-01
CoD 5.16E-04 1.87E-01 8.85E-01 9.49E-07 4.74E-01 1.50E-01 1.48E-01 8.20E-01 2.23E-08 1.31E-03 2.60E-04 4.52E-07 2.56E-01 2.36E-04 1.59E-01 9.35E-02 2.44E-11 2.81E-12 NA 7.45E-01 5.01E-01 5.23E-01 1.51E-01
NiD 2.81E-04 2.41E-01 7.80E-01 1.91E-06 6.96E-01 1.23E-01 5.38E-02 8.82E-01 4.83E-11 6.28E-04 1.25E-06 1.77E-04 6.89E-01 1.39E-06 9.80E-02 7.42E-02 3.54E-09 1.64E-07 0.00E+00 NA 5.27E-01 5.18E-01 1.28E-01
CuD 2.69E-02 4.03E-02 8.73E-01 1.07E-05 8.20E-01 8.96E-01 3.82E-01 7.94E-01 2.47E-06 3.57E-02 3.24E-03 9.67E-06 9.51E-01 8.42E-04 2.91E-01 2.83E-05 1.28E-06 1.07E-04 2.65E-07 4.72E-08 NA 3.96E-01 2.46E-01
ZnD 9.43E-04 8.11E-01 1.83E-01 2.79E-04 9.40E-01 1.16E-01 3.46E-01 5.25E-01 8.69E-07 2.55E-02 6.09E-08 1.60E-05 3.94E-01 2.11E-05 2.28E-03 4.76E-01 2.40E-12 3.59E-06 6.18E-08 8.69E-08 7.69E-05 NA 1.05E-02
AsD 9.44E-01 1.36E-05 7.18E-01 6.95E-01 4.84E-01 8.37E-01 6.39E-02 4.34E-01 5.37E-01 1.35E-01 7.59E-01 6.52E-01 6.54E-02 5.90E-01 1.03E-03 5.47E-08 3.61E-01 2.55E-01 1.47E-01 2.20E-01 1.69E-02 9.20E-01 NA
SeD 1.22E-04 8.39E-01 8.43E-01 1.62E-04 3.18E-01 5.70E-02 6.72E-01 6.65E-01 2.76E-03 7.02E-01 9.60E-04 1.28E-02 7.56E-02 8.11E-03 1.62E-05 2.41E-01 2.25E-03 2.12E-04 1.32E-05 6.81E-05 2.92E-01 1.10E-05 8.68E-01
MoD 4.90E-01 6.53E-01 6.07E-01 1.00E-02 7.98E-01 2.36E-01 6.82E-01 3.73E-01 8.11E-03 1.60E-01 7.00E-06 1.51E-03 1.23E-01 8.33E-03 4.49E-02 1.23E-01 3.53E-05 2.29E-03 1.34E-03 1.38E-03 8.72E-04 2.21E-05 2.23E-01
AgD 3.93E-02 1.53E-01 2.42E-01 6.90E-01 5.60E-01 4.27E-03 2.12E-01 6.30E-01 7.98E-01 8.90E-01 7.78E-01 7.41E-01 2.67E-01 9.81E-01 1.34E-04 3.50E-05 4.24E-01 7.98E-01 6.07E-01 8.08E-01 5.33E-02 5.07E-01 4.45E-04
CdD 2.45E-02 8.73E-01 1.61E-01 5.92E-05 9.05E-01 4.73E-01 4.49E-01 9.41E-01 4.30E-08 4.98E-03 3.88E-06 3.88E-03 7.41E-01 2.58E-06 3.63E-02 1.03E-01 3.45E-07 1.36E-04 7.00E-10 3.52E-09 2.29E-06 2.18E-09 3.36E-01
BaD 2.91E-01 3.40E-01 4.23E-01 9.39E-01 7.08E-01 3.82E-01 2.02E-02 9.30E-01 4.15E-03 1.89E-01 3.61E-04 6.98E-01 4.76E-01 1.24E-05 6.98E-01 5.58E-01 1.82E-01 2.60E-01 5.09E-01 1.28E-01 3.45E-01 1.04E-01 8.13E-01
PbD 9.34E-03 3.92E-01 4.27E-01 1.93E-03 2.46E-01 5.03E-01 2.96E-01 4.23E-01 1.57E-03 5.37E-01 2.73E-03 4.27E-10 7.03E-01 8.15E-03 8.50E-01 7.20E-03 3.72E-06 4.09E-08 6.72E-05 6.91E-04 2.31E-06 2.44E-05 6.51E-02
UD 6.40E-03 9.40E-02 5.40E-01 3.70E-09 3.24E-01 8.49E-01 8.56E-01 7.79E-01 1.58E-03 1.10E-01 2.89E-01 3.81E-04 9.95E-01 2.14E-01 2.30E-01 4.36E-01 1.04E-04 1.06E-03 1.11E-07 1.47E-06 3.53E-06 4.03E-03 5.51E-01
V1 2.72E-01 2.99E-01 6.47E-01 5.26E-01 7.06E-01 4.62E-01 6.20E-01 4.99E-01 4.26E-01 6.85E-01 7.07E-01 9.40E-01 9.40E-01 5.78E-01 7.07E-01 5.99E-01 9.16E-01 6.20E-01 5.58E-01 6.42E-01 9.64E-01 8.22E-01 4.08E-01
V2 8.57E-01 6.25E-06 8.03E-01 9.64E-01 1.98E-01 2.91E-01 1.86E-02 1.60E-01 3.07E-01 4.65E-02 3.66E-01 4.15E-01 7.31E-03 2.88E-01 6.33E-04 3.72E-03 1.62E-01 3.12E-01 4.51E-01 8.46E-01 1.99E-01 7.75E-01 1.92E-04
V3 2.57E-01 3.41E-03 7.52E-01 6.67E-01 1.67E-01 4.12E-01 7.94E-02 4.68E-01 2.51E-01 8.20E-02 6.14E-01 8.52E-02 2.46E-01 4.22E-01 1.01E-02 1.93E-03 6.94E-02 1.01E-01 5.39E-01 5.31E-01 1.86E-02 5.93E-01 4.97E-02
V4 2.43E-01 2.57E-02 9.73E-01 5.59E-01 1.72E-01 4.17E-01 9.34E-02 4.54E-01 3.56E-01 3.49E-01 7.80E-01 1.31E-01 3.63E-01 5.72E-01 1.45E-02 4.18E-03 2.13E-01 2.77E-01 8.79E-01 8.79E-01 6.97E-02 9.67E-01 1.21E-01
V5 1.58E-02 9.19E-01 9.85E-02 3.12E-02 4.47E-04 9.06E-02 2.90E-01 9.06E-01 6.53E-01 3.75E-01 8.76E-01 4.60E-01 2.37E-01 6.03E-01 4.17E-02 9.38E-02 7.62E-01 7.91E-01 3.25E-01 6.02E-01 2.60E-01 9.10E-01 8.37E-01
V6 9.42E-01 2.21E-07 8.35E-01 1.73E-01 2.02E-01 3.32E-01 1.04E-02 1.40E-01 6.34E-02 8.01E-04 7.52E-02 4.96E-02 1.09E-01 1.36E-01 1.55E-01 2.00E-04 1.46E-03 2.14E-02 1.55E-02 1.33E-02 1.03E-03 6.98E-02 3.81E-04
G1 2.63E-02 5.54E-03 8.96E-01 5.92E-02 9.74E-03 1.81E-01 1.59E-01 9.91E-01 5.19E-01 2.57E-01 3.94E-01 3.33E-01 1.31E-01 5.81E-01 1.15E-03 2.48E-02 7.21E-01 4.50E-01 1.72E-01 3.76E-01 4.46E-01 2.02E-01 9.41E-02
G2 2.50E-01 1.53E-02 7.97E-01 6.27E-01 1.38E-01 4.00E-01 5.55E-02 3.84E-01 2.72E-01 2.42E-01 6.41E-01 1.14E-01 4.68E-01 4.28E-01 1.79E-02 3.46E-03 1.94E-01 2.34E-01 7.85E-01 7.25E-01 5.21E-02 9.19E-01 7.58E-02
G3 5.35E-02 8.36E-03 9.13E-01 2.74E-01 1.77E-01 1.44E-01 8.61E-02 2.18E-01 7.89E-01 2.75E-01 8.37E-01 1.85E-01 8.64E-02 8.68E-01 9.94E-04 3.59E-03 3.01E-01 3.20E-01 8.57E-01 6.74E-01 1.51E-01 7.49E-01 8.03E-02
G4 2.05E-01 8.90E-03 5.69E-01 3.55E-04 2.63E-01 5.48E-01 7.39E-02 2.37E-01 2.88E-04 8.31E-03 8.72E-03 4.67E-07 2.19E-01 2.42E-02 9.22E-01 1.56E-02 9.17E-06 5.89E-07 7.42E-07 3.34E-05 6.12E-05 2.26E-03 1.05E-01
B1 1.24E-01 3.26E-02 8.76E-01 4.84E-01 1.48E-01 2.25E-01 7.14E-02 5.51E-01 3.51E-01 2.75E-01 8.04E-01 1.74E-01 4.05E-01 5.91E-01 1.05E-02 4.42E-03 2.50E-01 3.07E-01 9.81E-01 8.90E-01 6.91E-02 8.83E-01 1.36E-01
B2 6.66E-01 1.46E-03 8.57E-01 8.58E-01 2.19E-01 8.83E-01 6.60E-02 2.62E-01 3.88E-01 5.12E-02 5.23E-01 3.39E-02 3.22E-01 4.87E-01 3.17E-02 4.84E-03 1.88E-02 7.04E-02 4.00E-01 5.29E-01 3.60E-02 3.55E-01 3.18E-02
B3 1.61E-01 1.79E-01 7.48E-01 2.62E-01 3.25E-01 8.93E-01 1.60E-01 3.91E-01 3.43E-01 2.22E-01 3.92E-01 3.43E-01 4.26E-01 3.13E-01 4.43E-01 3.91E-01 3.59E-01 3.43E-01 3.28E-01 3.43E-01 2.72E-01 3.13E-01 4.80E-01
B4 1.80E-01 1.90E-01 9.03E-01 1.58E-01 2.69E-01 2.72E-01 2.99E-01 2.22E-01 6.20E-01 7.76E-01 4.43E-01 9.16E-01 7.53E-01 4.62E-01 2.84E-01 4.43E-01 7.30E-01 6.20E-01 8.34E-01 8.93E-01 5.58E-01 3.28E-01 2.72E-01
B5 3.87E-01 3.71E-10 9.12E-02 6.96E-01 5.38E-01 2.89E-01 2.52E-02 6.80E-01 6.94E-01 7.67E-02 2.20E-01 4.75E-01 2.56E-01 2.42E-01 2.84E-04 2.25E-03 5.53E-01 6.57E-01 8.00E-01 9.28E-01 1.03E-01 2.39E-01 4.24E-03
B6 1.80E-01 1.90E-01 9.03E-01 1.58E-01 2.69E-01 2.72E-01 2.99E-01 2.22E-01 6.20E-01 7.76E-01 4.43E-01 9.16E-01 7.53E-01 4.62E-01 2.84E-01 4.43E-01 7.30E-01 6.20E-01 8.34E-01 8.93E-01 5.58E-01 3.28E-01 2.72E-01
B7 5.52E-01 4.46E-09 2.42E-01 7.37E-01 5.25E-01 9.46E-02 1.01E-02 8.90E-01 4.38E-01 1.93E-01 3.80E-01 1.98E-01 1.15E-01 4.00E-01 8.77E-02 9.48E-02 3.92E-01 5.28E-01 9.54E-01 8.99E-01 8.05E-01 6.88E-02 1.73E-04
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Table A5) Continuation of Kendall’s τ.  Significant correlations below the divide and level of association above. Bold numbers indicate a τ of above an 
absolute 0.5 and highlighted cells show significant correlations at α=0.05.  The geographical variables are as follows: Bofedal Wetlands (V1), Old High 
Andean Forests (V2), High Andean Minimal/No Vegetation (V3), Glacier (V4), Ponds, Lakes, Oxbow (V5), Andean Grasslands (V6), Miocene (G1), Glacier 
(G2), Holocene (G3), Chicama Formation (G4), Snow (B1), Moist Puna Snowfields (B2), Areas Intervened (B3), Water Body (B4), Grasslands in High Wet 
Andean Plateau (B5), Semi-Desert in High Andean Plateau (B6), and Upper Mountain shrubland/Grassland(B7). 
SeD MoD AgD CdD BaD PbD UD V1 V2 V3 V4 V5 V6 G1 G2 G3 G4 B1 B2 B3 B4 B5 B6 B7
-3.86E-01 7.21E-02 2.13E-01 -2.32E-01 -1.10E-01 -2.67E-01 2.79E-01 1.14E-01 1.89E-02 1.18E-01 1.21E-01 2.48E-01 7.63E-03 2.29E-01 1.20E-01 2.00E-01 -1.32E-01 1.60E-01 4.51E-02 -1.46E-01 1.40E-01 9.02E-02 1.40E-01 6.21E-02
2.13E-02 4.69E-02 -1.49E-01 -1.67E-02 9.96E-02 -8.93E-02 1.74E-01 -1.08E-01 -4.47E-01 -2.99E-01 -2.30E-01 -1.06E-02 -5.04E-01 -2.84E-01 -2.50E-01 -2.71E-01 -2.68E-01 -2.21E-01 -3.24E-01 -1.40E-01 -1.37E-01 -5.91E-01 -1.37E-01 -5.60E-01
-2.07E-02 5.38E-02 -1.22E-01 -1.46E-01 -8.36E-02 8.29E-02 -6.41E-02 4.79E-02 2.60E-02 -3.31E-02 3.51E-03 -1.71E-01 -2.18E-02 -1.36E-02 -2.69E-02 -1.14E-02 5.94E-02 -1.63E-02 -1.89E-02 -3.35E-02 1.28E-02 1.75E-01 1.28E-02 1.22E-01
-3.80E-01 2.64E-01 4.17E-02 -4.02E-01 8.06E-03 -3.16E-01 5.62E-01 6.63E-02 -4.67E-03 4.49E-02 6.10E-02 2.22E-01 -1.42E-01 1.95E-01 5.08E-02 1.14E-01 -3.61E-01 7.30E-02 1.87E-02 -1.17E-01 1.47E-01 -4.08E-02 1.47E-01 3.50E-02
-1.04E-01 2.67E-02 6.08E-02 1.24E-02 3.92E-02 -1.21E-01 1.03E-01 -3.95E-02 1.34E-01 1.44E-01 1.42E-01 3.55E-01 1.33E-01 2.65E-01 1.54E-01 1.40E-01 -1.17E-01 1.50E-01 1.28E-01 -1.03E-01 1.15E-01 6.44E-02 1.15E-01 6.63E-02
1.97E-01 1.23E-01 -2.92E-01 7.49E-02 9.13E-02 7.00E-02 -1.99E-02 -7.69E-02 -1.10E-01 -8.56E-02 -8.48E-02 -1.76E-01 -1.01E-01 -1.39E-01 -8.77E-02 -1.52E-01 -6.27E-02 -1.26E-01 -1.53E-02 1.41E-02 -1.14E-01 -1.11E-01 -1.14E-01 -1.73E-01
4.42E-02 -4.28E-02 1.30E-01 7.91E-02 2.39E-01 1.09E-01 1.90E-02 5.18E-02 2.42E-01 1.82E-01 1.74E-01 1.10E-01 2.63E-01 1.46E-01 1.98E-01 1.78E-01 1.85E-01 1.87E-01 1.90E-01 1.46E-01 1.08E-01 2.31E-01 1.08E-01 2.64E-01
4.53E-02 -9.29E-02 -5.03E-02 7.79E-03 9.15E-03 8.35E-02 2.93E-02 -7.06E-02 1.46E-01 7.58E-02 7.81E-02 -1.24E-02 1.53E-01 -1.15E-03 9.08E-02 1.28E-01 1.23E-01 6.23E-02 1.17E-01 8.94E-02 -1.27E-01 4.30E-02 -1.27E-01 1.44E-02
3.05E-01 -2.72E-01 2.68E-02 5.29E-01 2.93E-01 3.22E-01 -3.21E-01 -8.31E-02 -1.07E-01 1.19E-01 9.62E-02 4.70E-02 1.92E-01 -6.73E-02 1.14E-01 2.80E-02 3.66E-01 9.73E-02 9.00E-02 9.88E-02 -5.18E-02 -4.11E-02 -5.18E-02 -8.10E-02
4.00E-02 -1.46E-01 -1.44E-02 2.87E-01 1.37E-01 6.45E-02 -1.66E-01 4.23E-02 2.06E-01 1.80E-01 9.76E-02 9.25E-02 3.40E-01 1.18E-01 1.22E-01 1.14E-01 2.71E-01 1.14E-01 2.02E-01 1.27E-01 2.98E-02 1.83E-01 2.98E-02 1.36E-01
3.35E-01 -4.45E-01 -2.95E-02 4.56E-01 3.60E-01 3.06E-01 -1.11E-01 -3.92E-02 -9.44E-02 5.26E-02 2.92E-02 1.63E-02 1.84E-01 -8.90E-02 4.87E-02 -2.15E-02 2.69E-01 2.59E-02 6.66E-02 8.94E-02 -8.00E-02 -1.28E-01 -8.00E-02 -9.16E-02
2.56E-01 -3.23E-01 -3.45E-02 2.95E-01 4.05E-02 5.89E-01 -3.59E-01 -7.84E-03 8.51E-02 1.79E-01 1.57E-01 -7.71E-02 2.03E-01 -1.01E-01 1.64E-01 1.38E-01 4.92E-01 1.41E-01 2.19E-01 9.88E-02 1.10E-02 7.46E-02 1.10E-02 -1.34E-01
-1.84E-01 1.60E-01 1.16E-01 -3.46E-02 7.44E-02 -3.98E-02 6.86E-04 7.84E-03 2.75E-01 1.21E-01 9.49E-02 1.23E-01 1.66E-01 1.57E-01 7.58E-02 1.78E-01 1.28E-01 8.68E-02 1.03E-01 8.31E-02 3.29E-02 1.18E-01 3.29E-02 1.64E-01
2.72E-01 -2.71E-01 -2.52E-03 4.63E-01 4.34E-01 2.71E-01 -1.29E-01 -5.80E-02 -1.11E-01 8.38E-02 5.90E-02 5.44E-02 1.55E-01 -5.77E-02 8.27E-02 -1.74E-02 2.32E-01 5.61E-02 7.26E-02 1.05E-01 -7.69E-02 -1.22E-01 -7.69E-02 -8.78E-02
-4.29E-01 2.07E-01 3.84E-01 -2.16E-01 -4.06E-02 1.97E-02 1.25E-01 3.93E-02 3.46E-01 2.64E-01 2.51E-01 2.11E-01 1.48E-01 3.30E-01 2.44E-01 3.34E-01 1.03E-02 2.63E-01 2.22E-01 8.01E-02 1.12E-01 3.66E-01 1.12E-01 1.77E-01
-1.22E-01 -1.60E-01 4.13E-01 1.69E-01 6.12E-02 2.75E-01 -8.13E-02 5.50E-02 2.96E-01 3.16E-01 2.93E-01 1.74E-01 3.75E-01 2.31E-01 2.99E-01 2.97E-01 2.49E-01 2.91E-01 2.88E-01 8.95E-02 8.01E-02 3.11E-01 8.01E-02 1.73E-01
3.11E-01 -4.13E-01 -8.35E-02 4.97E-01 1.39E-01 4.57E-01 -3.90E-01 1.10E-02 1.45E-01 1.88E-01 1.30E-01 3.16E-02 3.24E-01 -3.74E-02 1.35E-01 1.08E-01 4.40E-01 1.20E-01 2.42E-01 9.57E-02 -3.61E-02 6.20E-02 -3.61E-02 -8.94E-02
3.73E-01 -3.11E-01 2.68E-02 3.84E-01 1.17E-01 5.29E-01 -3.32E-01 5.18E-02 1.05E-01 1.70E-01 1.13E-01 -2.77E-02 2.37E-01 -7.89E-02 1.24E-01 1.04E-01 4.88E-01 1.07E-01 1.88E-01 9.88E-02 -5.18E-02 4.64E-02 -5.18E-02 -6.59E-02
4.33E-01 -3.26E-01 5.38E-02 5.83E-01 6.89E-02 3.99E-01 -5.15E-01 6.12E-02 7.87E-02 6.41E-02 1.59E-02 -1.03E-01 2.49E-01 -1.42E-01 2.85E-02 -1.88E-02 4.85E-01 2.52E-03 8.77E-02 1.02E-01 2.20E-02 2.65E-02 2.20E-02 -6.06E-03
3.99E-01 -3.25E-01 2.54E-02 5.63E-01 1.58E-01 3.44E-01 -4.73E-01 4.86E-02 2.03E-02 6.55E-02 1.59E-02 -5.44E-02 2.54E-01 -9.23E-02 3.68E-02 -4.40E-02 4.14E-01 1.44E-02 6.57E-02 9.89E-02 1.41E-02 9.48E-03 1.41E-02 1.33E-02
1.10E-01 -3.38E-01 2.00E-01 4.65E-01 9.84E-02 4.65E-01 -4.58E-01 -4.71E-03 1.34E-01 2.42E-01 1.88E-01 1.17E-01 3.33E-01 7.96E-02 2.01E-01 1.49E-01 4.01E-01 1.88E-01 2.17E-01 1.15E-01 6.12E-02 1.69E-01 6.12E-02 2.57E-02
4.36E-01 -4.23E-01 -6.93E-02 5.69E-01 1.69E-01 4.21E-01 -2.94E-01 -2.35E-02 -2.99E-02 5.58E-02 -4.36E-03 1.19E-02 1.88E-01 -1.33E-01 1.06E-02 -3.35E-02 3.11E-01 -1.53E-02 9.64E-02 1.05E-01 -1.02E-01 -1.23E-01 -1.02E-01 -1.89E-01
-1.74E-02 -1.27E-01 3.55E-01 1.00E-01 -2.47E-02 1.91E-01 -6.22E-02 8.63E-02 3.76E-01 2.03E-01 1.61E-01 2.15E-02 3.59E-01 1.74E-01 1.84E-01 1.81E-01 1.68E-01 1.55E-01 2.22E-01 7.37E-02 1.15E-01 2.92E-01 1.15E-01 3.78E-01
NA -3.18E-01 -1.45E-01 4.07E-01 4.69E-02 2.43E-01 -2.82E-01 1.02E-01 -1.01E-01 -2.20E-01 -2.07E-01 -2.26E-01 4.68E-03 -3.65E-01 -1.89E-01 -2.59E-01 1.86E-01 -2.35E-01 -1.56E-01 9.57E-02 -1.40E-01 -2.14E-01 -1.40E-01 -6.97E-02
1.77E-03 NA -1.67E-02 -3.62E-01 2.54E-02 -3.04E-01 3.46E-01 1.57E-03 -5.78E-02 -1.88E-02 4.66E-02 5.98E-02 -2.71E-01 1.13E-01 2.30E-02 3.30E-02 -3.77E-01 3.50E-02 -7.44E-02 -7.69E-02 6.74E-02 3.96E-02 6.74E-02 2.88E-02
1.62E-01 8.73E-01 NA 1.50E-01 -2.97E-03 1.25E-01 2.95E-02 1.46E-01 2.00E-01 1.84E-01 1.71E-01 1.97E-01 1.84E-01 1.70E-01 1.79E-01 2.29E-01 9.40E-02 1.93E-01 9.27E-02 1.21E-01 9.57E-02 1.94E-01 9.57E-02 1.77E-01
4.70E-05 3.30E-04 1.50E-01 NA 1.27E-01 3.26E-01 -3.62E-01 9.89E-02 -4.19E-02 4.31E-02 -5.75E-03 3.56E-02 1.82E-01 -1.15E-01 2.30E-02 -5.05E-02 2.72E-01 -3.44E-03 3.23E-02 8.63E-02 -6.75E-02 -9.17E-02 -6.75E-02 -9.97E-02
6.54E-01 8.08E-01 9.77E-01 2.22E-01 NA 2.00E-01 1.52E-01 -2.98E-02 -1.12E-01 7.46E-02 1.04E-01 1.98E-01 -8.00E-02 3.87E-02 1.23E-01 1.38E-02 -5.94E-02 1.20E-01 -9.39E-03 6.12E-02 -9.57E-02 -7.56E-02 -9.57E-02 -1.34E-01
1.81E-02 2.91E-03 2.29E-01 1.34E-03 5.39E-02 NA -2.14E-01 8.94E-02 9.32E-02 2.33E-01 2.30E-01 6.26E-02 1.86E-01 1.55E-02 2.40E-01 1.69E-01 3.49E-01 2.18E-01 2.23E-01 9.88E-02 -1.10E-02 6.85E-02 -1.10E-02 -7.23E-02
5.88E-03 6.32E-04 7.78E-01 3.30E-04 1.43E-01 3.86E-02 NA 8.63E-02 -1.89E-02 -2.29E-02 5.81E-02 1.30E-01 -2.29E-01 1.11E-01 4.92E-02 7.01E-02 -4.70E-01 4.10E-02 -3.55E-02 -6.74E-02 -1.73E-02 -6.54E-02 -1.73E-02 -4.69E-02
3.28E-01 9.88E-01 1.61E-01 3.43E-01 7.76E-01 3.91E-01 4.08E-01 NA 1.81E-01 1.11E-01 1.12E-01 9.83E-02 1.23E-01 1.15E-01 1.21E-01 1.27E-01 -8.15E-02 1.18E-01 1.21E-01 -1.08E-02 -1.08E-02 1.32E-01 -1.08E-02 1.53E-01
3.31E-01 5.80E-01 5.32E-02 6.89E-01 2.81E-01 3.71E-01 8.57E-01 8.06E-02 NA 3.88E-01 3.69E-01 2.44E-01 5.01E-01 4.49E-01 3.76E-01 4.54E-01 2.16E-01 3.52E-01 4.53E-01 1.85E-01 7.76E-02 5.24E-01 7.76E-02 4.51E-01
3.30E-02 8.58E-01 7.51E-02 6.80E-01 4.75E-01 2.40E-02 8.27E-01 2.85E-01 1.10E-04 NA 7.70E-01 5.48E-01 5.04E-01 6.50E-01 8.03E-01 7.71E-01 3.02E-01 8.07E-01 7.89E-01 1.46E-01 1.43E-01 4.83E-01 1.43E-01 1.36E-01
4.54E-02 6.55E-01 1.00E-01 9.56E-01 3.20E-01 2.59E-02 5.78E-01 2.83E-01 2.55E-04 0.00E+00 NA 5.36E-01 3.72E-01 5.75E-01 9.30E-01 7.56E-01 2.04E-01 9.12E-01 6.54E-01 1.34E-01 1.46E-01 4.08E-01 1.46E-01 1.25E-01
2.85E-02 5.67E-01 5.73E-02 7.33E-01 5.60E-02 5.49E-01 2.12E-01 3.46E-01 1.80E-02 1.08E-08 2.60E-08 NA 2.15E-01 6.13E-01 5.40E-01 5.02E-01 -1.23E-02 5.85E-01 4.17E-01 1.49E-01 1.54E-01 2.53E-01 1.54E-01 1.12E-01
9.64E-01 8.36E-03 7.52E-02 7.86E-02 4.43E-01 7.25E-02 2.63E-02 2.37E-01 2.72E-07 2.29E-07 2.19E-04 3.72E-02 NA 3.58E-01 4.10E-01 4.42E-01 5.09E-01 3.85E-01 5.53E-01 1.57E-01 1.40E-01 4.58E-01 1.40E-01 4.31E-01
3.00E-04 2.78E-01 1.02E-01 2.70E-01 7.11E-01 8.82E-01 2.86E-01 2.68E-01 5.56E-06 1.41E-12 1.34E-09 5.07E-11 4.03E-04 NA 5.87E-01 5.83E-01 -2.18E-03 6.10E-01 5.81E-01 1.47E-01 1.44E-01 5.35E-01 1.44E-01 2.69E-01
6.84E-02 8.26E-01 8.48E-02 8.26E-01 2.39E-01 2.00E-02 6.38E-01 2.44E-01 1.87E-04 0.00E+00 0.00E+00 1.98E-08 4.01E-05 5.16E-10 NA 7.39E-01 2.08E-01 9.06E-01 6.79E-01 1.40E-01 1.46E-01 4.22E-01 1.46E-01 1.33E-01
1.17E-02 7.52E-01 2.66E-02 6.29E-01 8.95E-01 1.04E-01 5.02E-01 2.22E-01 4.29E-06 0.00E+00 0.00E+00 2.53E-07 8.24E-06 7.13E-10 0.00E+00 NA 2.33E-01 7.72E-01 6.79E-01 1.40E-01 1.37E-01 4.81E-01 1.37E-01 1.99E-01
7.20E-02 1.79E-04 3.67E-01 8.12E-03 5.69E-01 5.75E-04 1.75E-06 4.35E-01 3.62E-02 3.10E-03 4.83E-02 9.07E-01 1.58E-07 9.83E-01 4.42E-02 2.40E-02 NA 2.18E-01 3.46E-01 1.69E-01 1.07E-01 2.33E-01 1.07E-01 1.89E-01
2.25E-02 7.37E-01 6.22E-02 9.74E-01 2.50E-01 3.47E-02 6.95E-01 2.58E-01 5.07E-04 0.00E+00 0.00E+00 5.86E-10 1.29E-04 6.49E-11 0.00E+00 0.00E+00 3.48E-02 NA 6.53E-01 1.40E-01 1.46E-01 4.24E-01 1.46E-01 1.28E-01
1.33E-01 4.76E-01 3.74E-01 7.57E-01 9.28E-01 3.04E-02 7.34E-01 2.46E-01 4.61E-06 0.00E+00 8.98E-13 2.91E-05 7.60E-09 8.25E-10 5.71E-14 5.53E-14 6.34E-04 9.63E-13 NA 1.46E-01 1.30E-01 4.63E-01 1.30E-01 1.44E-01
3.59E-01 4.62E-01 2.46E-01 4.08E-01 5.58E-01 3.43E-01 5.18E-01 9.18E-01 7.40E-02 1.61E-01 1.98E-01 1.51E-01 1.31E-01 1.57E-01 1.78E-01 1.79E-01 1.04E-01 1.79E-01 1.60E-01 NA -1.08E-02 1.55E-01 -1.08E-02 2.41E-01
1.80E-01 5.18E-01 3.59E-01 5.18E-01 3.59E-01 9.16E-01 8.69E-01 9.18E-01 4.57E-01 1.70E-01 1.59E-01 1.38E-01 1.78E-01 1.67E-01 1.59E-01 1.89E-01 3.03E-01 1.60E-01 2.11E-01 9.18E-01 NA 1.52E-01 1.00E+00 2.26E-01
3.87E-02 7.05E-01 6.14E-02 3.79E-01 4.69E-01 5.12E-01 5.31E-01 2.06E-01 5.91E-08 8.27E-07 4.48E-05 1.40E-02 3.37E-06 2.77E-08 2.23E-05 9.20E-07 2.40E-02 2.05E-05 2.61E-06 1.36E-01 1.45E-01 NA 1.52E-01 4.19E-01
1.80E-01 5.18E-01 3.59E-01 5.18E-01 3.59E-01 9.16E-01 8.69E-01 9.18E-01 4.57E-01 1.70E-01 1.59E-01 1.38E-01 1.78E-01 1.67E-01 1.59E-01 1.89E-01 3.03E-01 1.60E-01 2.11E-01 9.18E-01 0.00E+00 1.45E-01 NA 2.26E-01
5.05E-01 7.83E-01 8.75E-02 3.39E-01 1.98E-01 4.88E-01 6.53E-01 1.41E-01 5.00E-06 1.90E-01 2.28E-01 2.84E-01 1.45E-05 8.74E-03 2.01E-01 5.39E-02 6.79E-02 2.18E-01 1.65E-01 1.91E-02 2.86E-02 2.62E-05 2.86E-02 NA
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Table A6) Median values of different water chemistry parameters across all valleys of the combined top 12 PCs of PCA Model 1 and PCA 
Model 2 were compared (Wilcoxon rank-sum test). The superscript of a values denotes the valley it is statistically different from. The 
superscript labels are: C (Cojup), G (Llanganuco), I (Ishinca), L (Llaca), P (Paron), Q (Quilcayhuanca), and U (Ulta). Values with no superscript 
are not statistically different than any other values (α of 0.05). 
 
Cojup  
(n=7) 
Llanganuco 
 (n=10) 
Ishinca  
(n=13) 
Llaca  
(n=6) 
Paron  
(n=14) 
Quilcayhuanca  
(n=25) 
Ulta  
(n=19) 
Co µg/L 1.46E-2Q 2.95E-2Q 9.01E-3LQU 7.13E-2IQ 1.08E-2QU 25.1CGILPU 3.70E-2IPQ 
Mg mg/L 1.52GQ 0.40CIQ 1.37GQ 0.23Q 0.85Q 7.86 CGILPU 1.06Q 
Ni µg/L 8.11E-2Q 9.86E-2Q 3.23E-2PQ 2.56E-1Q 4.93E-2IQ 42.9 CGIPU 1.39E-1Q 
Mn mg/L 8.48E-3Q 6.07E-4LQU 3.27E-2Q 6.04E-3GQ 2.74E-3Q 9.60E-1 CGILPU 4.66E-3GQ 
Se µg/L 2.78E-1Q 2.68E-1Q 3.69E-1Q 4.09E-1Q 4.23E-1Q 1.17 CGILPU 4.15E-1Q 
Fe mg/L 4.24E-2Q 3.88E-2Q 2.97E-2QU 8.53E-2Q 3.68E-2QU 1.70 CGILPU 8.75E-2IPQ 
SO42- mg/L 7.21Q 7.23Q 3.04Q 1.66Q 8.11Q 97.3 CGILPU 3.06Q 
Al mg/L 2.73E-2ILPQU 2.81E-2CQ 5.69E-2CQ 2.27E-1C 8.38E-2CQ 2.20 CGIPU 1.26E-1CQ 
Cu µg/L 5.41E-2Q 2.80E-1Q 5.19E-2Q 2.41E-1Q 5.66E-2Q 6.59 CGILPU 1.03E-1Q 
Zn µg/L 3.46GQ 4.21E-1CIPQU 2.35GQ 2.50Q 1.11GQ 300 CGILPU 1.88GQ 
Na mg/L 1.39A 0.96 0.99Q 1.14 0.79Q 1.36 IP 1.08 
pH 8.2APQU 7.85Q 8.05PQU 6.95Q 7.3CIQ 3.7 CGILPU 7.74CIQ 
Cd µg/L 1.24E-2Q 1.10E-2Q 1.14E-2Q 1.04E-2Q 6.88E-3Q 7.06E-1 CGILPU 6.93E-3Q 
Pb µg/L 2.37E-2Q 3.90E-2Q 5.53E-2Q 2.79E-2Q 3.31E-2Q 1.30 CGILPU 5.28E-2Q 
U µg/L 3.85GQ 1.33CIQ 7.30GLQU 3.14I 3.81Q 1.17E-1 CGIPU 1.84IQ 
Ag µg/L 1.71E-1G 7.81E-1CPU 3.51E-1 1.72E-1 1.75E-1G 2.32E-1  2.69E-1G 
56 
 
 
Table A7) Median, minimum, and max of all water chemistry variables for each valley.  Number of sites included in parentheses after each 
valley name.  
Cojup (n=7) Llanganuco (n=10) Ishinca (n=13) Llaca (n=6) Paron (n=14) Quilcayhuanca (n=25) Ulta (n=19)
median min max median min max median min max median min max median min max median min max median min max
Elevation 4397 3964 4569 4157 3839 4593 4377 3898 4946 4295 4219 4468 4218 4158 4419 4162 3825 4638 4226 3799 4507
DO (mg/L) 6.6 6.2 7.3 7.4 5.7 8.6 7 5.7 7.7 7.05 6.6 7.6 8.05 6.8 9.1 7 6 12 7.6 5.9 8.4
pH 8.2 7.85 8.37 7.85 7.22 9.9 8.05 6.48 8.2 7.62 5.89 8.58 7.3 6.2 8.3 3.7 2.9 5.6 7.74 5.15 8.56
Temperature (°C) 10.3 4.6 11.1 7.65 2.9 10.4 7.1 5.8 9.6 6.95 5.1 10.9 4.9 1.6 9.81 5.85 0 10 6.6 1.4 10.7
F (mg/L) 4.21 2.58 5.90 0.40 0.16 0.83 0.60 0.18 0.80 1.61 0.86 1.81 1.96 1.03 5.80 1.79 0.83 7.77 0.79 0.15 4.57
Cl (mg/L) 0.06 0.05 0.18 0.07 0.06 0.12 0.07 0.04 0.11 0.06 0.05 0.10 0.09 0.04 0.13 0.09 0.04 0.48 0.10 0.04 0.14
NO3 (mg/L) 0.16 0.06 0.22 0.20 0.03 0.26 0.38 0.15 0.44 0.37 0.20 0.49 0.19 0.13 0.27 0.24 0.10 0.69 0.21 0.07 0.38
Sulfate (mg/L) 7.21 1.23 20.13 7.23 2.98 14.01 3.04 0.62 6.94 1.66 1.25 19.48 8.11 0.36 17.34 97.30 4.34 2239.66 3.06 0.57 72.50
Na (mg/L) 1.39 0.93 2.64 0.96 0.26 1.30 0.99 0.36 2.67 1.14 0.85 1.83 0.79 0.23 1.70 1.36 0.34 5.74 1.08 0.15 2.89
Mg (mg/L) 1.52 0.80 2.57 0.40 0.24 1.06 1.37 0.36 2.12 0.23 0.16 1.12 0.85 0.04 1.92 7.86 0.29 105.28 1.06 0.16 5.63
Al (mg/L) 2.73E-02 1.49E-02 6.66E-02 2.81E-02 1.09E-02 1.76E-01 5.69E-02 3.30E-02 1.15E-01 2.27E-01 5.41E-02 3.00E-01 8.38E-02 3.60E-02 1.67E-01 2.20E+00 2.18E-02 1.70E+01 1.26E-01 1.72E-02 2.51E-01
K (mg/L) 0.72 0.46 1.02 0.58 0.27 0.79 0.34 0.25 0.53 0.78 0.44 0.84 0.30 0.13 0.88 0.45 0.12 0.94 0.85 0.14 0.98
Ca (mg/L) 11.37 10.45 16.68 6.17 0.71 12.05 7.52 4.03 11.32 3.00 2.63 8.71 8.00 1.11 14.23 18.45 6.17 310.68 6.18 1.76 23.57
V (µg/L) 1.32E-02 1.03E-02 9.78E-01 2.97E-01 4.97E-02 1.79E+00 1.89E-02 1.35E-02 8.53E-01 4.73E-02 1.27E-02 1.27E+00 1.63E-02 1.25E-02 1.18E+00 1.11E-02 8.09E-03 5.51E-01 3.46E-01 1.22E-02 1.72E+00
Cr (µg/L) 1.33E-02 1.16E-02 3.87E+00 8.16E-01 4.86E-02 2.82E+00 3.22E-02 1.16E-02 3.32E+00 1.39E-02 1.08E-02 3.13E+00 1.20E-02 8.38E-03 4.62E+00 4.61E-02 1.38E-02 2.92E+00 1.83E-02 1.13E-02 3.00E+00
Mn (mg/L) 8.48E-03 3.79E-04 4.40E-02 6.07E-04 1.04E-04 3.32E-03 3.27E-03 1.09E-04 1.65E-02 6.04E-03 1.51E-03 7.27E-02 2.74E-03 6.39E-04 7.31E-03 9.60E-01 3.36E-04 1.45E+01 4.66E-03 9.17E-05 1.27E-01
Fe (mg/L) 4.24E-02 3.84E-02 7.35E-02 3.88E-02 1.37E-03 2.49E-01 2.97E-02 7.79E-03 1.12E-01 8.53E-02 2.16E-02 1.61E-01 3.68E-02 5.74E-03 7.33E-02 1.70E+00 1.57E-02 3.87E+02 8.75E-02 8.99E-03 1.20E+00
Co (µg/L) 1.46E-02 9.00E-03 7.90E-02 2.95E-02 4.02E-03 2.37E+00 9.01E-03 6.40E-03 5.46E-01 7.13E-02 1.11E-02 5.26E+00 1.08E-02 8.61E-03 7.19E-02 2.15E+01 2.21E-02 1.27E+02 3.70E-02 6.62E-03 3.53E+00
Ni (µg/L) 8.11E-02 3.90E-02 3.58E-01 9.86E-02 2.93E-02 2.44E+00 3.23E-02 2.40E-02 5.31E-01 2.56E-01 3.06E-02 2.00E+01 4.93E-02 3.43E-02 3.23E-01 4.29E+01 7.36E-02 2.58E+02 1.39E-01 2.93E-02 7.49E+00
Cu (µg/L) 5.41E-02 3.36E-02 2.23E+00 2.80E-01 6.18E-02 3.35E+00 5.19E-02 3.86E-02 2.45E-01 2.41E-01 3.43E-02 1.75E+00 5.66E-02 3.68E-02 2.38E+00 6.59E+00 6.29E-02 2.04E+01 1.03E-01 3.52E-02 3.43E-01
Zn (µg/L) 3.46E+00 1.03E+00 2.40E+01 4.21E-01 1.64E-01 7.87E+00 2.35E+00 7.61E-01 5.76E+00 2.50E+00 4.15E-01 2.68E+01 1.11E+00 6.12E-01 7.80E+00 3.00E+02 3.72E-01 4.31E+03 1.88E+00 6.10E-01 1.72E+01
As (µg/L) 4.32E-03 2.81E-03 6.79E-01 3.43E-01 4.41E-02 1.97E+00 3.88E-03 1.76E-03 4.78E-01 9.01E-02 1.88E-03 4.74E-01 2.39E-03 1.53E-03 5.30E-01 3.63E-01 1.57E-03 8.52E+00 3.15E-01 2.22E-03 7.38E+00
Se (µg/L) 2.78E-01 1.83E-01 6.54E-01 2.68E-01 1.62E-01 3.43E+00 3.69E-01 1.85E-01 1.10E+00 4.09E-01 2.17E-01 5.22E-01 4.23E-01 2.09E-01 5.43E-01 1.17E+00 4.23E-01 1.94E+01 4.15E-01 1.72E-01 7.81E-01
Mo (µg/L) 2.95E+00 3.24E-01 6.43E+00 2.35E+00 9.30E-01 1.10E+01 8.84E-01 5.62E-01 2.89E+00 3.45E+00 1.02E+00 5.78E+00 6.43E+00 1.44E+00 1.22E+01 5.51E-02 2.43E-02 1.16E+01 1.28E+00 3.68E-02 5.22E+00
Ag (µg/L) 1.71E-01 1.62E-01 3.72E-01 7.81E-01 3.16E-01 4.10E+00 3.51E-01 2.51E-01 8.03E+00 1.72E-01 1.62E-01 4.86E-01 1.75E-01 1.61E-01 8.84E-01 2.32E-01 1.66E-01 3.08E+00 2.69E-01 1.35E-01 4.03E-01
Cd (µg/L) 1.24E-02 2.04E-03 1.58E-01 1.10E-02 3.59E-03 1.97E+00 1.14E-02 6.47E-03 5.57E-01 1.04E-02 2.70E-03 2.73E-01 6.88E-03 3.38E-03 1.57E-02 7.06E-01 1.44E-02 3.98E+00 6.93E-03 2.76E-03 4.50E-02
Ba (µg/L) 4.00E+00 3.07E+00 7.03E+00 2.14E+00 6.24E-01 8.68E+00 3.76E+00 5.08E-01 5.57E+00 2.17E+00 7.36E-01 2.74E+00 1.01E+01 6.38E-01 1.56E+01 3.72E+00 1.78E+00 2.21E+01 2.90E+00 1.04E+00 1.25E+01
Pb (µg/L) 2.37E-02 1.87E-02 4.88E-02 3.90E-02 1.13E-02 2.04E+00 5.53E-02 6.12E-03 4.11E-01 2.79E-02 9.03E-03 6.62E-02 3.31E-02 1.23E-02 1.53E-01 1.30E+00 1.53E-02 1.31E+01 5.28E-02 5.70E-03 3.72E-01
U (µg/L) 3.85E+00 1.98E+00 2.49E+01 1.33E+00 1.76E-01 3.64E+00 7.30E+00 5.66E+00 1.67E+01 3.14E+00 3.75E-02 3.38E+00 3.81E+00 3.09E-01 1.54E+01 1.17E-01 5.28E-03 5.38E-01 1.84E+00 2.10E-03 3.81E+01
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Figure A1) The data distribution and categories of the Ecology variable, Moist Puna Snowfields. The 
three categories are created based on the amount of surface area covered by the variable. The High 
category accounts for 15% of the sites, Medium 44% and Low 41%. 
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Figure A2) The data distribution and categories of the Vegetation variable, Andean Grasslands. The 
three categories are created based on the amount of surface area covered by the variable. The High 
category accounts for 6% of the sites, Medium 23%, Low 34% and Absent 37% 
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Figure A3) The amount of variance explained as a percentage per principal component for the first 
PCA Model 1/HCA Model 1.  
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Figure A4) The amount of variance explained as a percentage per principal component for the PCA 
Model 2/HCA Model 2.  
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Figure A5) Bubble plots of pH, sulfate, nitrate, dissolved oxygen, fluoride, and chloride.  Valley labels 
are: 1) Paron, 2) Llanganuco, 3) Ulta, 4) Ishinca, 5) Llaca, 6) Cojup, and 7) Quilcayhuanca. 
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Figure A6) Spatial bubble plots of temperature, sodium, calcium, magnesium, aluminum, and 
potassium.  Valley labels are: 1) Paron, 2) Llanganuco, 3) Ulta, 4) Ishinca, 5) Llaca, 6) Cojup, and 7) 
Quilcayhuanca. 
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Figure A7) Spatial bubble plots of vanadium, chromium, nickel, manganese, iron, and cobalt.  Valley 
labels are: 1) Paron, 2) Llanganuco, 3) Ulta, 4) Ishinca, 5) Llaca, 6) Cojup, and 7) Quilcayhuanca. 
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Figure A8) Spatial bubble plots of copper, zinc, silver, arsenic, selenium, and molybdenum.  Valley 
labels are: 1) Paron, 2) Llanganuco, 3) Ulta, 4) Ishinca, 5) Llaca, 6) Cojup, and 7) Quilcayhuanca. 
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Figure A9) Spatial bubble plots of cadmium, barium, lead, and uranium.  Valley labels are: 1) Paron, 
2) Llanganuco, 3) Ulta, 4) Ishinca, 5) Llaca, 6) Cojup, and 7) Quilcayhuanca. 
 
 
 
